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Abstract
Chronic skin wounds are a major socioeconomic burden in developed societies, affecting specially elder and diabetic people. It is estimated that 1
to 2% of the population will suffer a chronic wound in their lifetime and,
as global population ages and adopts a sedentary lifestyle, the incidence
of these wounds will continue its upward trend. Chronic injuries are characterized for presenting a complicated and diverse pathophysiology that
make them resistant to current therapies. For this reason, novel therapeutic strategies based on the release of growth factors and the use of tissue
engineered constructs are being investigated and show promising results.
However, very few biologically based products reach the market, mainly
due to regulatory, economic and stability constraints, amplifying the need
for easily translational novel treatments.
Recently, inorganic biomaterials known as bioceramics have been acknowledged for their wound healing and vascularization capability, mainly
due to their ion release. Based on this concept, the present thesis project
was dedicated to investigate the potential application of novel bioceramics
on wound healing and soft tissue regeneration. More specifically we focused on the role of the calcium ion and its release from newly designed
bioceramics to stimulate wound healing and blood vessel formation in both
in vitro and in vivo systems.
Although it is known that calcium affects all the phases of wound healing, the concentrations and release profile that can improve the healing
process has not been described. For this reason, we evaluated the effect
of different concentrations of extracellular calcium in vitro on dermal fibroblast, a crucial cell type in the skin and the healing process, and found
stimulation of relevant biological responses at specific concentrations. In
addition, we compared whether similar effects could be obtained with the

x

ion release of newly designed bioceramic particles containing equivalent
calcium concentrations. Interestingly, while stimulating most of the effects, the ion release inhibited some responses triggered by calcium alone
that are not desired in the context of chronic wound healing.
Then, we investigated the cellular mechanism mediating some of the
responses stimulated by calcium, focusing on the implication of the
calcium-sensing receptor (CaSR). Several agonists of the receptor
stimulated similar effects than calcium, suggesting the relevance of the
CaSR on fibroblasts behavior, and opening a window to the design of
novel bioceramics that release CaSR-agonists.
In order to test the healing capability of the above mentioned bioceramic particles in vivo, they were incorporated in a mat of poly(lactic acid)
(PLA) fibers. This novel dressing was applied on a model of chronic
wounds in vivo, and compared with a mat of particle-free PLA and to a
frequently used commercially available dressing. We found that the PLAbioceramic mat accelerated wound closure and increased vasculature at
the injured site at initial time-points. Thus, improved healing was achieved
with the newly designed dressing.
Finally, a different composite material was synthesized combining
bioceramic particles and human mesenchymal stromal cells (hMSC) in a
degradable hydrogel, and its vasculogenic potential was evaluated in soft
tissue. This material supported hMSC survival and stimulated the release
of the angiogenic factor IGF-1 from these cells in vitro. In addition, when
implanted in soft tissue of immunocompromised mice, the composite
construct improved hMSC survival and generated a more mature
vasculature at the site of implantation.
In conclusion, this thesis shows that calcium-releasing bioceramics can
successfully contribute to the treatment of chronic wounds and soft tissue
regeneration.
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1

General introduction,
motivation and outline of the
thesis

The skin is our largest organ and provides multiple vital functions that
allow maintenance of body homeostasis and protection from the environment (Fenner and Clark, 2016). When this organ is damaged, survival is
at stake and, for this reason, the body has evolved mechanisms that try
to repair the injury as fast as possible (Reinke and Sorg, 2012). In some
situations, however, these natural mechanisms might not be sufficient to
achieve wound closure. It is then that wounds can become chronic.
Chronic wounds, also known as hard-to-heal wounds or ulcers, are skin
injuries with diverse etiologies that fail to heal over a period of 3 months
(Werdin et al., 2009). The burden of chronic cutaneous wounds is immense
both personally and financially. Moreover, as chronic wounds risk factors,
such as advanced age, diabetes or obesity, increase in developed countries,
the incidence rate of chronic wounds continues its upward trend to the point
of being considered a silent epidemic (Sen et al., 2009).
Currently, different strategies exist to treat chronic wounds, always involving the use of dressings. Dressings are materials that cover the wound,
providing not only a physical protection from the environment but also, de1
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pending on their composition, they can improve the healing process (Jones,
2006). Despite the great variety of dressings available in the market, most
of them are based on a major scientific breakthrough made in 60s: the conception that a controlled moist environment allows a better healing than
a dry one (Winter, 1995). However, the particular pathophysiology of
chronic wounds complicate their healing in such an extent that, generally,
the humid environment is not sufficient to promote their cure.
The last two decades have seen the rise of biologically based products
that can actively stimulate the healing process, such as growth factor therapy and tissue engineering constructs (Pang et al., 2017). Although these
possess great healing potential, their translation into the clinic is hampered
by regulatory, economic, and scalable impairments. Thus, novel, affordable, safe, off-the-shelf, efficient strategies are needed to stimulate an improved healing of chronic injuries.
Recently, bioceramics, which are biomaterials with a traditional application towards bone and teeth regeneration, have been acknowledged for
their healing capability and potential to stimulate the generation of new
blood vessels in soft tissues (Miguez-pacheco et al., 2015). Their stimulating properties are mainly explained by the effect that ions released by
these materials exert on cell behavior.
Calcium, which is present in most bioceramic compositions, plays an
important role in the skin and the healing process (Lansdown, 2002a). Indeed, extracellular calcium is not only essential as a clotting factor during
hemostasis, the first step of the healing process, but it also participates
in the other phases of the healing process and in the regulation of keratinocytes, one of the main cell types of the skin.
Based on the idea that calcium affects the healing process, we hypothesized that calcium-releasing bioceramics could be optimized to stimulate
the healing of chronic wounds. Aiming to provide a prove of concept for
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this idea, during the course of this thesis, we mainly explored the effect
of calcium and calcium-releasing bioceramics on wound healing and soft
tissue, focusing on dermal fibroblasts and on the formation of new blood
vessels. Briefly, the main goals pursued were the following:
• Describe and compare the effect of extracellular calcium, either from
calcium chloride or from calcium-releasing bioceramics, on dermal
fibroblasts in vitro.
• Identify the concentration or range of concentrations that stimulate
dermal fibroblasts towards an improved healing.
• Detect the implication of the calcium-sensing receptor (CaSR) in the
mediation of some of the responses stimulated on dermal fibroblasts.
• Synthesize and characterize a novel dressing made with poly(lactic
acid) (PLA) fibers and fast-degradable calcium-releasing
bioceramic.
• Evaluate the healing efficacy of the newly designed dressing in an in
vivo model of chronic wound.
• Design and synthesize a new composite for soft tissue regeneration, based on the combination of a functionalized hydrogel, slowdegradable calcium-releasing bioceramics, and human mesenchymal
stromal cells (hMSC).
• Characterize the physical properties of this material.
• Evaluate the in vitro and in vivo response of this material, focusing
on its capability to stimulate the formation of new blood vessels.
The development of these objectives is structured in the following
chapters:
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In Chapter 2, different topics relevant for this thesis are reviewed.
These include the structure and function of the skin, the phases of the healing process and the role of calcium in healthy and injured skin. Then, we
focus on the pathophysiology of chronic wounds and the treatment currently available for them, including tissue engineered constructs. In addition, we explain the existing evidence for the healing and vasculogenic
capability of bioceramics. We conclude this introductory chapter exposing
the main in vitro and in vivo models used to test new treatments for chronic
wounds.
In Chapter 3, we evaluate the effect of a wide range of extracellular calcium concentrations, obtained via the dissolution of calcium chloride, over different responses carried out by dermal fibroblasts. These include cell growth, cell migration, extracellular matrix (ECM) remodeling,
contractile capacity, and gene expression related to wound healing. Then,
we synthesize calcium-phosphate bioceramic particles with fast calciumrelease coded SG5, and compare whether the stimulating effects obtained
with specific calcium concentrations are similar than with conditioned media produced by incubating SG5 with culture media.
In Chapter 4 we detect the expression of the CaSR on dermal fibroblast
and use different agonist and antagonist of the CaSR to study the implication of this receptor in the mediation of some of the biological responses
stimulated by calcium in this cell type.
In Chapter 5 we develop a new dressing consisting of a mat of PLA
fibers containing SG5, and test its healing properties on an in vivo model of
chronic wound. First we observe the composite microstructure and show
its calcium release profile. After evaluating its non-toxicity in vitro, we
perform an in vivo test applying the dressing on pressure ulcers generated
on the back of obese diabetic mice. Finally, we analyze the speed of wound
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closure, the skin structure, and the number of vessels in the injured area
over time.
In Chapter 6 we evaluate the vasculogenic potential of a new composite biomaterial composed of a cell-adhesive biodegradable hydrogel
containing hMSC and slow calcium-releasing bioceramic microparticles.
Firstly, we assess the vasculogenic potential of the microparticles alone.
Then, we study whether the incorporation of the particles in the hydrogel
alters the mechanical properties of the hydrogel, stimulates the release of
vasculogenic factors by hMSC, and impacts cell survival and vascularization in an in vivo model.
Finally, Chapter 7 exposes the conclusions reached through the experimental work developed in this thesis, and provides future perspectives for
the continuation of this research.

The studies presented in this thesis were performed at the Biomaterials for Regenerative Therapies group of the Institute for Bioengineering of
Catalonia (IBEC), under the supervision of Elisabeth Engel and Soledad
Pérez Amodio. In addition, part of the experimental work explained in
Chapter 6 was developed at the Georgia Institute of Technology (Atlanta,
USA), in collaboration with Prof. Andrés J. García. The author would
like to acknowledge the Spanish Ministry of Education, Culture and Sport
(MECD) for providing financial support through the FPU program (Formación de Profesorado Universitario - University Lecturer Training, grant
reference AP-2012-5310) and the FPU mobility grant.
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2.1

Introduction and state of the
art
Functions and anatomy of healthy skin

The skin is the largest organ of the human body. It constitutes the 16%
of a person’s body weight, about 4 kg, and has an average surface area of
1.8 m2 (Fenner and Clark, 2016). The skin is a metabolically active organ
with multiple vital functions that allow maintenance of body homeostasis
and protection from the environment (Fenner and Clark, 2016). For example, it acts as a barrier to chemical and physical agents, prevents the loss
of body fluids, and helps to regulate body temperature (Fenner and Clark,
2016). The skin also serves as a sensory organ and produces antimicrobial
peptides that prevent infections (Nejati et al., 2013). In addition, the skin
is responsible for the production or activation of several hormones, neuropeptides and cytokines that exert biological effects throughout the whole
body, such as Vitamin D, melatonin and sex steroids (Nejati et al., 2013).
Anatomically, the skin consists of three layers, the epidermis, the
dermis, and the hypodermis, that contain other structures called skin
appendages (Fig. 2.1). The epidermis is the thin, stratified outer layer that
constitutes the physical and chemical barrier between the interior body
and the exterior environment. The dermis is a thicker deeper layer formed
7
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of connective tissue that provides the structural support of the skin. Below
the dermis there is the hypodermis or subcutaneous fatty tissue, which
contains an important fat reservoir that maintains body temperature.
Finally, skin appendages include hair, nails, sebaceous glands, and sweat
glands, which are regarded as derivatives of the skin (McGrath et al.,
2004). The following sections will describe in more detail these four
components of the skin.
A)

B)
Sweat gland
pore

Hair shaft

Epidermis
Epidermis

Dermis
Basement
membrane

Dermis

Sweat gland
duct
Hypodermis

Hypodermis

Capillary
Touch receptor

Figure 2.1: Cross-section of the skin showing its different components. A)
Representation of the different skin layers and skin appendages (Dead Sea Source,
2016). B) Histological section of the skin stained with hematoxylin and eosin
(H&E), which basically stain nuclei in blue and connective tissue in pink/red, and
allow to distinguish the different layers of the skin. Adapted from Slomianka
(2000).

2.1.1

Epidermis

The epidermis is the outer layer of the skin. It contains different cell
populations, including keratinocytes, Langerhans cells, Merkel cells and
melanocytes (Gilaberte et al., 2016). Keratinocytes are by far the most
abundant population and are responsible for the stratified structure of the
epidermis (Gilaberte et al., 2016). Indeed, the epidermis is substructured in
strata that contain keratinocytes in different stages of differentiation. The
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differentiation process occurs while keratinocytes progress from the inner
to the external side of the epidermis. This is a dynamic process that allows
the complete renewal of the epidermis every month (Gilaberte et al., 2016).
Independently of its thickness, which ranges from 0.05 mm in the eyelids to 1.5 mm on the palms and soles, the epidermis lacks of direct blood
supply (Han, 2015). Consequently, it depends on the underlying dermis
for nutrient supply and waste disposal via diffusion through the epidermal
basement membrane (Han, 2015), which is a semipermeable thin tissue
formed by extracellular matrix that separates the epidermis from the dermal connective tissue (Eady, 1988).

Epidermal layers
The epidermis is usually divided into four strata, each of which contains
keratinocytes in different levels of differentiation: the stratum basale, the
stratum spinosum, the stratum granulosum, and the stratum corneum
(Fig. 2.2A). A fifth layer named stratum lucidum, found between the
stratum corneum and stratum granulosum, is present only in the thick skin
of palms and soles (Fig. 2.2B) (Fenner and Clark, 2016).
The stratum basale is the deepest layer, in direct contact with the basement membrane. It has the thickness of a single cell layer and it is the only
layer of the epidermis in which cell mitosis occurs. It contains two populations of stem cells: the epidermal stem cells, with a long life span and
very slow division rates, and the epidermal progenitor cells, with a shorter
lifespan and rapid proliferative rate (Gilaberte et al., 2016). Keratinocytes,
which are generated from the differentiation of this last cell population,
leave the stratum basale to continue differentiation by ascending up the
next stratum, the stratum spinosum. The stratum spinosum consist of several rows of more mature keratinocytes and contains a high concentration
of keratin filaments and transmembrane structures called desmosomes that
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tightly adhere adjacent cells to one another (Fenner and Clark, 2016). The
next stratum, the stratum granulosum, is the last layer that contains living cells. At the interface between the stratum granulosum and the stratum corneum, the most external layer, keratinocytes undergo the last step
of differentiation, becoming flat, hard, anucleated dead cells: the corneocytes. Both these cell and keratin are the main components of the startum
corneum and play a vital role in generating the protective barrier against
the environment (Fenner and Clark, 2016).
B
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Figure 2.2: Epidermal layers. Staining of histological sections of A) thin and
B) thick skin, showing the different epidermal layers. Adapted from Slomianka
(2000).

Epidermal cells
Keratinocytes make up 80% of the total population of the epidermis (Gilaberte et al., 2016). These cells undergo differentiation while they transit
through the different strata of the epidermis until becoming corneocytes
in a process called keratinization. This process begins as soon as keratinocytes differentiate from the cells in the stratum basale. Once they
reach the stratum spinosum, their cytoplasm expands and they begin to pro-
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duce keratin. Intracellularly, keratin acts as intermediate filaments, forming part of the cytoskeleton and providing mechanical strength to the cell.
In addition, they connect with desmosomes, which are specialized cadherin complexes located in the plasma membrane that bind epidermal cells
together (Fenner and Clark, 2016). The formation of these adhesions provides the epidermis with a tension-resistant structure capable of supporting
shear forces (Fenner and Clark, 2016). As keratinocytes ascend through
the stratum granulosum, enzymes induce degradation of their nuclei and
organelles, and keratin is agglomerated (Fenner and Clark, 2016). In the
stratum corneum, cells appear flattened and dead. Nonetheless, cells are
so tightly bonded to each other in this layer that water evaporation is prevented and the skin is kept hydrated (Lee and Jung, 2016). In addition,
the disulfide bonds created in keratin provide strength to this layer but as
intercellular desmosomal connections are lost, cells are shed from the skin
(Fenner and Clark, 2016).

Other cell types present in the epidermis are melanocytes, Langerhans
cells and Merkell cells. Melanocytes are found in the startum basale, but
their dendrites reach keratinocytes in the stratum spinosum. Their primary
function is to produce melanin, a pigment that absorbs UV radiation, protecting keratinocytes from its harmful effects (Fenner and Clark, 2016).
Langerhans cells, scattered in the stratum spinosum, constitutes the first
line of immunologic defense in the skin. They attack and engulf foreign
materials and serve as antigen-presenting cells (Fenner and Clark, 2016).
Finally, Merkell cells are found directly above the basement membrane,
in the startum basale, and are specialized in the perception of light touch
(Han, 2015).
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Dermis

The dermis is the fibrous and elastic tissue located beneath the epidermis.
Its thickness can range from 0.3 mm on the eyelid to 6.0 mm on the back,
constituting a thicker layer than the epidermis (Han, 2015). The dermis
is mainly composed of extracellular matrix (ECM), or connective tissue,
produced by stromal cells known as fibroblasts (Gilaberte et al., 2016).
Different structures can be found within the dermis, from blood vessels and
nerves, which provide nutritional support and sensation, respectively, to
lymph vessels, small quantities of striated muscle, and various appendages
including sweat glands, hair follicles, and sebaceous glands (Fenner and
Clark, 2016). In addition, different immune cells reside in or traffic through
the dermis, such as dendritic cells and leukocytes (Lugović et al., 2001;
Nestle and Nickoloff, 1995).
The connective tissue which composes the dermis is made of collagen,
elastin, and proteoglycans (Gilaberte et al., 2016). Collagen fibers constitute 70% of this connective tissue, primarily type I (85% of the total
collagen) and type III (15% of the total collagen) and provide strength and
toughness. Elastic fibers, which constitute less than 1% of the weight of
the dermis, maintain normal elasticity and flexibility while proteoglycans
provide viscosity and hydration (Gilaberte et al., 2016).
The connective tissue undergoes a constant remodeling by calciumand zinc-dependent proteolytic enzymes known as matrix metalloproteases
(MMPs). These enzymes participate in multiple processes in the skin
(Vu, 2000). Depending on their target, they are classified in three groups:
collagenases, gelatinases, and stromelysins (Gilaberte et al., 2016). Collagenases (MMP-1, MMP-8, MMP-13, and MMP-18) cleave interstitial
collagen, gelatinases (MMP-2 and MMP-9) degrade basement membrane
collagens and denaturated structural collagens, and stromelysins (MMP3, MMP-10, MMP-11, and MMP-19) degrade basement membrane col-
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lagens and non-collagenous connective tissue macromolecules, including
proteoglycans, laminin and fibronectin. MMPs are produced by multiple
cell types, including keratinocytes, fibroblasts, neutrophils, and mast cells
(Caley et al., 2015).
Dermal layers
The dermis is composed of two layers: the thin and superficial papillary
dermis, and the thicker and deeper reticular dermis (Fig. 2.3).
The papillary dermis is a thin layer of loose connective tissue containing capillaries, elastic fibers, reticular fibers, and poorly organized collagen
fibers, particularly of type III. This layer interdigitates with the epidermal
basement membrane in areas called dermal papillae, producing a structure
that resembles an egg carton (Fig. 2.3B). In thick skin, the papillary dermis is more complex, increasing resistance to shear stress of the basement
membrane (Ovalle and Nahirney, 2007).
The reticular dermis is a thick layer of dense connective tissue containing larger blood vessels, closely interlaced elastic fibers, and well organized collagen fiber bundles of type III and I that run parallel to the skin
surface (Gilaberte et al., 2016). It extends from the base of the papillary
layer to the hypodermis (Fenner and Clark, 2016).
Fibroblasts
Fibroblasts are the most abundant cell population in the dermis and are
responsible for the maintenance of the different components of the ECM,
including collagen, elastin and proteoglycans (Wang et al., 2007). In addition, they secrete various growth factors -e.g., transforming growth factorbeta (TGF-β)-, cytokines -e.g., tumor necrosis factor-alpha (TNF-α)- and
MMPs that have a direct effect on keratinocyte proliferation and differentiation, and formation of the ECM. All in all, fibroblasts play a central role
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Figure 2.3: Dermal layers. Staining of histological sections showing A) the
papillary and reticular layers of the dermis and B) the differences in structure
of connective tissue of the dermis. It can be noticed the loose connective tissue
in the reticular layer, the denser connective tissue of the papillary layer and the
interdigitation of this layer into the epidermis with the dermal papillae. Adapted
from Slomianka (2000).

in tissue remodeling and wound healing processes and are involved in the
pathogenesis of connective tissue disorders (Wang et al., 2007).

2.1.3

Hypodermis

The hypodermis or subcutaneous tissue lies between the dermis and muscle
and its thickness varies from person to person (Fenner and Clark, 2016).
The hypodermis serves a variety of relevant functions to the skin and body.
It provides insulation from the cold, serves as an energy reservoir, protects
deep tissues from trauma and even acts as an endocrine organ by participating in the synthesis of estrone and leptin (Gilaberte et al., 2016; Fenner
and Clark, 2016). The main component of the hypodermis are adipocytes,
cells specialized in storing fat. These cells are organized into lobules that
are separated by a fibrous connective tissue, known as septa, that contains
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nerves, lympatic vessels and a rich microvascular network that provides
oxygenation and nutrient exchange (Fenner and Clark, 2016).

2.1.4

Skin appendages

The appendages of the skin include hair follicles, nails, sebaceous glands,
sweat glands, mammary glands, and ceruminous glands (Fig. 2.4) (Lee
and Jung, 2016). Hair follicles are generated by basal cells in the basement
membrane. They are made of keratinized dead cells and are distributed
throughout the whole body, except for palms and soles. They contribute
to maintain body temperature and to perceive touch sensation (Lee and
Jung, 2016). Nails are also composed of keratinized, flattened, dead cells
(Gilaberte et al., 2016). Sebaceous glands are found at the base of hair follicles, to which they secrete an oily substance known as sebum, that lubricates and waterproofs the skin and hair (Han, 2015). Sweat glands secrete
sweat to the surface of the skin (Fenner and Clark, 2016), and mammary
and ceruminous glands are modified sweat glands that produce milk and
cerumen, respectively (Lee and Jung, 2016).

2.2

Wound healing

The skin is the first line of protection of our body against the dangers of
the external environment. When this barrier is disrupted, whether through
injury or disease, survival chances decrease. To restore the anatomic continuity and function of the skin, evolution has conferred the skin the ability
to heal through dynamic and highly regulated processes that begin directly
after wounding. Healing can occur through two different mechanisms: regeneration or repair (Reinke and Sorg, 2012). While regeneration achieves
the complete recovery of the original tissue, repair results in the formation
of a scar (Reinke and Sorg, 2012). Scars are of poorer quality than the orig-
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Figure 2.4: Skin appendages. Graphic illustration of the different appendages of
the skin. Adapted from McGrath et al. (2010).

inal tissue, since they are weaker and lack the presence of skin appendages
or specialized cells like melanocytes. Unfortunately, human skin regeneration only happens to early gestation fetuses and to mucosal surfaces (Sanon
et al., 2016). In adults, the main mechanism by which skin heals is through
repairing (Reinke and Sorg, 2012), and thus this is the process in which
this thesis will focus.
Normal wound healing in adult individuals involve the interplay of
multiple cell types, growth factors, cytokines, and a balanced pool of metal
ions, such as calcium, zinc and magnesium (Lansdown et al., 1999; Sanon
et al., 2016). The healing process, summarized in Fig. 2.5, progresses
through four phases that overlap in time and space: hemostasis, inflammation, proliferation, and remodeling. Each of these stages will be explained
in detail in the following sections.
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Figure 2.5: Wound healing process. Cellular and molecular players involved in
each stage of the healing of wounds. Adapted from Sanon et al. (2016)

2.2.1

Hemostasis

Right after injury, bleeding occurs, flushing out bacteria and/or antigens
from the wound (Boateng et al., 2008). The hemostatis phase, which take
place during the first few hours after injury (Sanon et al., 2016), is the
process by which the injury stops bleeding and results in the formation
of a provisional matrix made of fibrin, and the initiation of the inflammatory phase (Sanon et al., 2016). The formation of the fibrin clot involves different steps. First, von Willebrand factor binds to the exposed
tissue, allowing platelet aggregation and the formation of a platelet plug
(Sanon et al., 2016). Then, platelets from this plug and other clotting
factors released from the injured tissue activate the coagulation cascade
that generates thrombin, which subsequently converts fibrinogen from the
bloodstream into a fibrin matrix (Sanon et al., 2016). This provisional scaffold allows the migration of cells to the injured site and acts as a reservoir
of growth factors (Sanon et al., 2016). In addition, factors released from
platelets trigger vasoconstriction and act as chemotactic agents for recruit-
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ing leukocytes to the site, thus beginning the inflammatory response (Goh
et al., 2016).

2.2.2

Inflammation

Inflammation begins minutes after injury, when neutrophils reach the
wound site (Sanon et al., 2016). Neutrophiles start cleaning the wound
from foreign debris and bacteria, and release chemotactic agents that
amplify the immune response, such as TNF-α, interleukin 1-beta (IL-1β),
and interleukin 6 (IL-6) (Sanon et al., 2016). Monocytes are then
recruited to the wound site and mature into macrophages. Macrophages
continue the cleaning process and release essential factors for the
progression of the healing process, such as transforming growth factor
alpha (TGF-α), TGF-β, and insulin-like growth factor 1 (IGF-1) (Goh
et al., 2016). By releasing these signaling factors, macrophages play a
crucial role in the transition from the inflammation to the proliferation
phase (Sanon et al., 2016).

2.2.3

Proliferation

The proliferative phase starts 24-48 hours after injury, when the first fibroblasts arrive at the site of injury attracted by the factors released by platelets
and macrophages in the fibrin clot (Bainbridge, 2013). Once in the fibrin
clot, fibroblasts proliferate and produce MMPs and ECM components such
as collagen III, fibronectin and hyaluronic acid, transforming the clot into a
new matrix of connective tissue (Trebaul et al., 2007). In addition, during
this stage other important events take place, such as re-epithelialization,
neovascularization, and formation of granulation tissue, explained in the
following sections (Bainbridge, 2013).
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Re-epithelialization
Re-epithelialization starts within hours after injury and is the process by
which the new epidermis is created (Goh et al., 2016). Due to loss of contact inhibition and by the presence of growth factors released in the wound
bed, keratinocytes and fibroblasts of the wound periphery are stimulated
to proliferate and migrate into the newly formed ECM (Goh et al., 2016).
Stem cells from the hair follicle bulge also contribute to epidermal restoration by differentiating into epidermal progenitor cells (Ito et al., 2005).
Thanks to this process, the basement membrane and the different epidermal layers are reestablished but hair follicles and other skin appendages
are not usually regenerated (Sanon et al., 2016).
Neovascularization
Neovascularization involves the growth of new capillaries in the injured
site and, despite having a major role in the proliferation phase, it is actually initiated immediately after tissue injury (Kumar et al., 2015). This
process allows to provide the newly created tissue with nutrients and gas
exchange, and it is critical for a successful wound healing and maintenance
of the tissue (Sanon et al., 2016). Interestingly, the density of blood vessels generated during the proliferative phase is higher than in uninjured
skin (Johnson and Wilgus, 2014).
Neovascularization occurs through three different mechanisms: angiogenesis, vasculogenesis and arteriogenesis (Stavrou, 2008). Angiogenesis is the formation of new blood vessels through splitting or sprouting
of pre-existing ones (Tahergorabi and Khazaei, 2012). Vasculogenesis is
the de novo generation of vessels by homing and assembling of circulating endothelial progenitor cells (EPCs) produced in the bone marrow
into capillaries in the tissue (Asahara, 1997; Takahashi et al., 1999; Crosby
et al., 2000). Arteriogenesis is the process of structural enlargement and
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remodeling of pre-existing small arterioles into larger vessels (Helisch and
Schaper, 2003). Among these mechanisms, the one that mostly contributes
to restore the blood supply in skin injuries is angiogenesis through sprouting, by which endothelial cells (ECs) from pre-existing capillaries get activated, proliferate, migrate and form new vessels (Johnson and Wilgus,
2014). This process is shown in Fig. 2.6 and is explained in detail in the
next paragraph.
In healthy tissue, blood vessels are maintained in a quiescent state. In
the inner surface, endothelial cells are tightly adhered to each other creating a barrier that allows the normal circulation of blood flow (Johnson and
Wilgus, 2014). In addition, mature vessels are surrounded by a basement
membrane composed mainly of collagen IV and laminin covered by mural cells (Maragoudakis, 2000). Mural cells, which include pericytes and
smooth muscle cells, promote ECs survival and help maintain vessel stability (Maragoudakis, 2000). In the event of an injury, there is an increase
of pro-angiogenic factors in the wound site that activates endothelial cells.
These pro-angiogenic factors consist of blood components, such as thrombin and fibrinogen fragments, as well as several growth factors released
by inflammatory cells, keratinocytes and fibroblasts in response to hypoxia
and inflammation, including vascular endothelial growth factor (VEGF),
platelet derived growth factor (PDGF), TGF-β, and angiopoietin-1 (Ang1) (Stavrou, 2008). When these factors bind to ECs surface receptors, they
begin loosing their cell-cell adhesion, and start to proliferate and migrate.
In addition, they release proteolytic enzymes, mainly MMPs, which detach mural cells and degrade the vessel basement membrane, providing
the route to generate a new sprout. A single endothelial cell at the leading edge of the sprout, known as tip cell, guides the growth of the new
vessel towards and within the wound bed (Gerhardt et al., 2003). Subsequently, ECs adjacent to the tip cell become stalk cells, which proliferate
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and migrate behind the tip cell, forming a tubular structure and resulting in
the elongation of the sprouting vessel (Carmeliet and Jain, 2011). These
sprouts must fuse with neighboring sprouts to become functional in a process called anastomosis, otherwise they will regress (Johnson and Wilgus,
2014). Once fusion occurs, blood flow is established, ECs become quiescent, a new basement membrane is formed, and vessels are stabilized with
mural cells (Tahergorabi and Khazaei, 2012).

Figure 2.6: Cellular and molecular steps involved in the process of sprouting. Generation of new blood vessels via sprouting takes place through different
steps, depicted here. In the event of tissue injury, local factors such as hypoxia
up-regulate the release of pro-angiogenic growth factors. These activate ECs,
stimulating their proliferation, migration and morphogenesis. The outgrowth of
the sprout is led by the tip cell, and followed by the stalk cells. ECs form a tubular
structure, that anastomose to other growing sprouts, allowing blood flow. Finally,
vessels get stabilized when covered by pericytes. Abbreviations: ANG-1 and 2,
angiopoietin 1 and 2; HIF1-α, hypoxia-inducible factor 1-alpha; PLGF, placental growth factor. The rest are defined in the abbreviations list. Adapted from
Sanz-Nogués and O’Brien (2016).

Granulation tissue formation
About 4 days after injury, the connective tissue produced by fibroblasts
progresses towards the formation of a rudimentary tissue called granulation tissue (Sanon et al., 2016). This tissue, made by loosely organized
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collagen bundles and other ECM components, is invaded by a vascular network, fibroblasts, inflammatory cells, and lymphatic vessels (Sanon et al.,
2016; Boateng et al., 2008). The high amount of blood vessels present in
this tissue provides it with its characteristic red or deep pink color, which
indicates the proper progression of the healing (Sanon et al., 2016).

2.2.4

Tissue remodeling and wound contraction

The final phase of the healing process consists in the contraction and remodeling of the granulation tissue and its reorganization into a mature scar
(Sanon et al., 2016). This process begins about 2-3 weeks after injury and
can lasts for more than two years (Reinke and Sorg, 2012; Allen-Hoffmann
and Rooney, 2016). Mechanical tensions experienced by fibroblasts in
the granulation tissue, together with factors such as PDGF and TGF-β,
are known to trigger fibroblast differentiation into myofibroblast (Rodemann and Rennekampff, 2011). Myofibroblasts contain high amounts of
alpha-smooth muscle actin (α-SMA), which are incorporated in intracellular stress fibers capable of generating tensile forces responsible for wound
contraction (Sanon et al., 2016).
Simultaneously to wound contraction, tissue remodeling takes place.
MMPs, tissue inhibitor of metalloproteinases (TIMPs), and fibroblasts allow the replacement of collagen III to collagen I, which has a much higher
tensile strength, producing a more cross-linked matrix (Sanon et al., 2016).
During this phase, there is also regression of the vascular network and cell
population, returning to levels close to uninjured skin (Goh et al., 2016).
Although restoration of skin continuity is achieved, the scar that this process generates has 30% less mechanical strength than the uninjured tissue
(Sanon et al., 2016).

Types of wounds
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Types of wounds

Wounds can be classified according to multiple parameters. Nevertheless,
the most important factors for their evaluation are etiology or causing agent
of the wound, depth of the injury, and duration of the healing process (Percival, 2002).
The way in which skin injury occurs totally determines how the wound
will heal (Percival, 2002). Following this criteria, wounds are classified as
incised, shearing, crushing, burns, and contaminated (Percival, 2002).
Depending on the number of skin layers affected by the injury, wounds
are referred to as superficial wounds, partial thickness wounds and fullthickness wounds. If only the epidermis is affected, the wound is termed
superficial (Boateng et al., 2008). Injuries reaching both the epidermis
and deeper dermal layers affecting blood vessels, sweat glands and hair
follicles are referred to as partial thickness wounds (Boateng et al., 2008).
Finally, when the injury also reaches the hypodermis or deeper tissues, then
they are considered full-thickness wounds (Boateng et al., 2008).
Alternatively, if the classification criteria focuses on the duration of
the healing process, wounds can be acute or chronic. When wounds are
able to progress through the different stages of the healing process they
are considered acute. On the other hand, if healing is not achieved beyond
3 months post-injury they are classified as chronic (Boateng et al., 2008;
Percival, 2002). Chronic wounds are further described in Section 2.5 and,
due to their socioeconomic impact, their challenging healing, and the lack
of effective therapies, they are the focus of this thesis project.
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Role of calcium in healthy skin and wound
healing

Calcium is the fifth most abundant atom and the most common mineral ion
in the human body (B.E.C.Nordin, 1988), and plays myriad relevant physiological roles. In bones and teeth, which contain 99% of body calcium, it
mainly has a structural function in combination with inorganic phosphate
(Bonjour, 2011). In the rest of the body, where calcium is distributed in
cells, blood, and body fluids, it is implicated in many physiological processes due to its capacity to alter electrostatic fields and protein conformation (Clapham, 2007).
One of the most crucial functions of calcium is to act as a second
messenger in signal transduction pathways (Koolman and Roehm, 2005;
B.E.C.Nordin, 1988). Many extracellular stimuli -e.g. growth factors initiate intracellular signaling cascades that lead to the opening of different calcium channels from the plasma membrane or from intracellular reservoirs, such as the endoplasmic reticulum, causing sudden spikes
of calcium in the cell cytoplasma (Koolman and Roehm, 2005). This results in the occurrence of processes such as exocitosis, skeletal and cardiac muscle contraction, nerve excitation, and cell migration, proliferation
and apoptosis (B.E.C.Nordin, 1988). The speed and effectiveness of these
calcium-controlled processes is partly possible due to the 20,000-fold gradient present between the intracellular (≈ 100 nm free) and extracellular
(≈ 2 mM) space, the maintenance of which requires much of cells’ energy
(Clapham, 2007).
Calcium also acts as a primary signal, since extracellular calcium can
bind to transmembrane receptors activating intracellular cascades that
modulate cell behavior (Breitwieser, 2008). More specifically, calcium
has been described to bind to G-protein coupled receptors, which are
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transmembrane receptors that initiate multiple intracellular signaling
cascades upon binding of an extracellular ligand (Kobilka, 2007). The
most widely studied G-protein coupled receptor activated by calcium is
the calcium-sensing receptor (CaSR) (Hofer, 2005). Initially found in
parathyroid glands playing an essential role in regulating calcium
homeostasis, this receptor is also expressed by many other different cell
types and exerts a variety of functions throughout the body (Vezzoli et al.,
2017).
In the skin, extracellular calcium plays a vital role both in healthy skin
maintenance and in the healing process. As this section will review, calcium is essential not only for keratinocyte differentiation in the healthy
epidermis and as a cofactor in the coagulation cascade, but it is also implicated in every step of the healing process (Lansdown, 2002a).

2.4.1

Calcium effect in healthy skin

In intact skin, a clear calcium gradient exists in the epidermis which seems
to regulate keratinocytes behavior while they progress to the outer layers
of the epidermis (Elias et al., 2002; Kulesz-Martin et al., 1984). Calcium
content is low in basal and spinous layers, in which keratinocytes proliferate, whereas calcium levels increase progressively towards the outer stratum granulosum as keratinocyte differentiation takes place, and decreases
again in the stratum corneum (Menon et al., 1985). Interestingly, this behavior correlates with in vitro studies showing that keratinocytes in low
calcium (0.1 mM or lower) media have increased motility and proliferation rate (Magee et al., 1987), while in higher concentrations they undergo
the so-called calcium switch, which involves passing from a proliferative
to a differentiation state (Kulesz-Martin et al., 1984).
The CaSR seems to play a critical role in calcium-mediated
keratinocyte differentiation (Tu et al., 2004). Reducing the expression of
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the CaSR in keratinocytes cultured in vitro impairs cell differentiation (Tu
et al., 2001) and its absence in an in vivo model demonstrated perturbation
in the calcium gradient of the epidermis and in barrier permeability (Tu
et al., 2012).
On the other hand, such gradient of calcium has not been reported in the
dermis, but extracellular calcium regulates several processes on fibroblasts
that can impact the healing process, as it will be explained in the next
section.

2.4.2

Calcium effect in the healing process

In vitro an in vivo studies suggest that calcium plays an important role in all
the phases of wound healing, even though the best acknowledged of these
is its implication in the clotting cascade (Lansdown, 2002a).
As explained in Section 2.2.1, hemostasis depends on the aggregation
of blood platelets and the clot formation through the release of clotting
factors. One of the factors released by platelets is calcium, which acts as a
cofactor of several of the clotting factors (Palta et al., 2014). The relevance
of calcium in the clotting cascade is illustrated by the fact that calcium
chelants, such as ethylenediaminetetraacetic acid (EDTA), sodium citrate,
and oxalate, are routinely added to extracted blood to avoid coagulation
(Mikaelsson, 1991). In addition to playing this cofactor role, up to 88%
of the calcium released by platelets accumulates in the cytosol and triggers
a change in platelet shape that facilitates their aggregation in the bleeding
area (Koolman and Roehm, 2005).
Extracellular calcium could also play a role in the inflammatory phase
of the healing process, since it has been described to function as a chemokinetic substance of monocytes to the wounded area (Olszak et al., 2000) and
as an activating agent for neutrophils (Lansdown et al., 1999).
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In addition, it is also important in the proliferative phase. In an in vivo
study with guinea pigs, the application of calcium chloride to the wound
was found to help granulation tissue development (Mizumoto, 1987). In
vitro studies have shown that calcium stimulates proliferation (Dulbecco
and Elkington, 1975; Kulesz-Martin et al., 1984; Bhagavathula et al., 2009;
Jenkins et al., 2011; Zhang et al., 2014), collagen synthesis (Kulesz-Martin
et al., 1984; Rokosova and Bentley, 1986), changes in cell morphology
(Dulbecco and Elkington, 1975), migration (Zhang et al., 2014), MMPs
expression (Bhagavathula et al., 2009; Jenkins et al., 2011; Zhang et al.,
2014) and TIMP expression (Bhagavathula et al., 2009; Jenkins et al.,
2011; Zhang et al., 2014), although calcium stimulating concentrations for
wound healing have not been deeply explored. The CaSR seems to be implicated in the mediation of many of these processes (Bhagavathula et al.,
2009; Jenkins et al., 2011; Zhang et al., 2014). In addition, calcium might
stimulate neovascularization, since it promotes mobilization, differentiation and tube formation of EPCs (Aguirre et al., 2010).

Knowledge of the role of calcium during the remodeling phase is fragmentary, but it has been suggested to affect myofibroblast contraction (Follonier Castella et al., 2010) and regulate the apoptosis undergone by cells
in this last phase of the healing process (Hennings et al., 1980).

Considering the essential role of dermal fibroblasts in the healing process, the impact of extracellular calcium in the behavior of this cell type,
and the lack of studies exploring the optimal stimulating concentrations,
Chapter 3 is devoted to find the concentration of extracellular calcium that
stimulate a maximum level of different responses carried out by dermal fibroblasts. In addition, in Chapter 4 we gain insight into the implication of
the CaSR in mediating some of the responses.
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Changes in calcium concentration during healing

Despite the knowledge of the implication of extracellular calcium in so
many processes during wound healing, technical difficulties hamper the
measurement of concentrations of calcium at every stage. The attempts reported in the literature to measure the evolution of calcium concentrations
during the healing process provide conflicting information and studies in
human wounds are lacking. In one study that quantified calcium levels
from full-thickness skin wound biopsies in rats by atomic absorption spectroscopy, a high increase was detected during the first 5 days after wounding, and normal levels were reached by day 7 (Lansdown et al., 1999).
In contrast, another study that measured the calcium composition from
porcine and rat wound fluids collected through different methods found
that calcium levels decreased in early stages of the healing process (Grzesiak and Pierschbacher, 1995). Thus, new or optimized techniques are
needed in order to achieve a precise quantification of the extracellular levels of calcium in the healing process.

2.5

Chronic wounds

Chronic wounds, also called hard-to-heal or difficult-to-heal
wounds/ulcers, are skin injuries that fail to heal over a period of 3 months
(Werdin et al., 2009). They are considered a major health and economic
burden for developed countries and cause a significant impact in the
well-being of people suffering from them (Herber et al., 2007; Vileikyte,
2001). On top of that, the incidence of this silent epidemic is expected to
increase in modern societies as risk factors associated with chronic
wounds, such as advanced age, obesity, and diabetes, continue their
upward trend (Günter and Machens, 2012).
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Many different underlying causes can trigger the chronicity of wounds.
Taking these into account, the Wound Healing Society classifies chronic
wounds into four categories: pressure ulcers, diabetic ulcers, venous ulcers, and arterial insufficiency ulcers (The Wound Healing Society, 2006).
Despite their different causative etiologies, these wounds present some
common traits that impair their healing, such as a prolonged inflammatory
phase, increased levels of proteases and poorly vascularized tissue. All
this prevents the wound from forming granulation tissue and achieving reepithelialization (Werdin et al., 2009; Nunan et al., 2014; Allen-Hoffmann
and Rooney, 2016). This section will review the social and economic impact of chronic wounds, their general patophysiology, the main characteristics of the different types of chronic wounds, and the treatments currently
available.

2.5.1

Social and economic impact

It is suggested that 1 to 2% of the population in developed countries will
experience a chronic wound during their lifetime, although reliable estimates in the total prevalence and incidence of chronic wounds worldwide
are lacking (Järbrink et al., 2016; Gottrup, 2004). Patients with chronic
wounds suffer from pain, odor, loss of mobility, distress, depression, and
diminished self-image that increase their social isolation (Herber et al.,
2007; Vileikyte, 2001). In addition, complications of these wounds may
result in limb amputation, leading to disability, or even death (Herber et al.,
2007; Vileikyte, 2001). In the USA alone, chronic wounds are estimated
to affect 6.5 million people and to cost more than US $25 billion each year
to the healthcare system (Vileikyte, 2001). In Spain, the cost represents
around 5% of the total annual healthcare expenditure (Soldevilla Agreda
et al., 2007). Due to the expected increase in the incidence and prevalence
of chronic wounds, and the enormous economic impact that they have on
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the healthcare system worldwide, the design of novel strategies to treat
these wounds is imperative.

2.5.2

Pathophysiology

A combination of different factors, both local and systemic, can turn a
wound into chronic and determines what type of chronic wound develops.
Some of the most important local factors that trigger chroncity include infection, tissue maceration, presence of foreign bodies, hypoxia, vascular
insufficiency, and mechanical trauma -e.g. pressure- (Guo and DiPietro,
2010; Medina et al., 2005). From a systemic point of view, the most important factors affecting chronic wounds are advanced age, diseases such
as diabetes mellitus and renal disease, nutritional deficiencies, obesity, bad
habits such as alcoholism or smoking, and consumption of glucocorticoid
steroids or chemotherapeutic drugs (Guo and DiPietro, 2010; Medina et al.,
2005).
However, regardless of the different underlying factors, all chronic
wounds present some common traits. One of the main characteristics is
that chronic wounds tend to stall in the inflammation phase of the healing
and fail in generating granulation tissue and re-epithelialization. In fact,
they present a continuous infiltration of inflammatory cells (Frykberg and
Banks, 2015).
Abnormal upregulation of proteinases plays a key role in the development and maintenance of chronic wounds. When compared to acute
wounds, the exudate of chronic wounds exhibits much higher levels of
pro-inflammatory cytokies, proteinases and reactive oxygen species (ROS)
and decreased growth factor activity (Harris et al., 1995; Mast and Schultz,
1996; Frykberg and Banks, 2015). Interestingly, chronic wounds show an
imbalance between proteinases, such as MMPs, and their inhibitors (Ladwig et al., 2002), called TIMPs. This causes a decrease in growth factor
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levels, receptors and excessive degradation of the ECM, which prevents
the healing of the wound (Chen et al., 1992; Harding, 2002). Among the
different MMPs active in the wound, MMP1, MMP2 and MMP9 are particularly predominant in chronic wounds (Wysocki et al., 1993; Medina
et al., 2005).
Difficulties in generating granulation tissue arise not only from an excessive breakdown of the ECM but also from a decreased collagen deposition (Fleck and Simman, 2010). As mentioned in Section 2.2.3, dermal
fibroblasts are the main responsibles for generating new connective tissue.
However, in chronic wounds fibroblast present a senescent state, specially
in patients of advanced age. This decreases fibroblast proliferation, migration and collagen production rate, and reduces their capability to respond
to growth factors (Hasan et al., 1997; Ågren et al., 1999; Wall et al., 2008;
Brem et al., 2007).
All together, the general state of a chronic wound can be defined as a
prolonged inflammatory phase in which there is excessive breakdown of
collagen and decreased synthesis of ECM. Nevertheless, as already mentioned, chronic wounds present different underlying etiologies. For this
reason, the next sections will focus in the explanation of the differences
among the main types of chronic wounds, including pressure ulcers, vascular -venous and arterial- ulcers, and diabteic food ulcers.

Pressure ulcers
Pressure ulcers, sometimes referred to as bedsores or decubitus ulcers, occur when a tissue is subjected to a constant external force (either shear,
compression or both) leading to tissue ischemia, shortage of oxygen and
nutrient supply, and eventually tissue necrosis (Bhattacharya and Mishra,
2015). Normally, pressure ulcers develop over a bony prominence, due to
the compression and/or shear between the skeleton and soft tissue. These
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types of wounds occur mostly to people with immobility, who are confined
in beds or chairs for prolonged periods of time due to mental or physical
health conditions (Bhattacharya and Mishra, 2015). Many of these patients
are localized in hospitals, in which prevalence of pressure wounds is normally above 20% both in Europe and the USA (Sen et al., 2009).
Advanced age is one of the main risk factors for pressure ulcers. In
fact, approximately two-thirds of pressure ulcers occur in people aged 6080 (Leblebici et al., 2007). Skin of elderly people is more sensitive to
pressure due to the increased fragility of their blood vessels and connective
tissue, and due to loss of fat and muscle, which otherwise cushion the
friction between bone and skin (Bhattacharya and Mishra, 2015). Other
health conditions that affect blood supply, such as type-2 diabetes, can
also make a person more vulnerable to pressure ulcers (Bhattacharya and
Mishra, 2015).

Vascular ulcers
Vascular ulcers are caused due to abnormalities in blood circulation and
include both venous and arterial ulcers.
Venous ulcers are the most common ulcers of the lower limb, affecting
approximately 1% of the population and 3% of people over 80 years of age
in westernized countries (Posnett et al., 2009). They occur to people with
venous insufficiency, in which blood return is impaired (Sasanka, 2012),
and are generally generated in the skin area that spans from the knee to
the ankle, since this region is specially affected by venous insufficiency
(Sasanka, 2012). Although tissue hypoxia and inflammation are always
present in these type of wounds, the underlying mechanisms behind venous
ulcers remain unknown (Liu et al., 2011). Different hypothesis have been
devised, but neither of them has been properly demonstrated (Liu et al.,
2011).

Chronic wounds

33

On the other hand, arterial ulcers occur in patients with arterial obstruction, which lead to tissue ischemia. The typical location of arterial
ulcerations is the foot and toe region in the advanced arterial disease, and
in the ankle in the worse stages (Pannier and Rabe, 2013). Different arterial
pathologies can lead to arterial ulcers, but peripheral artery disease (PAD)
is the most common (Spentzouris and Labropoulos, 2009). Some of the
main factors contributing to PAD development include smoking, advanced
age, diabetes mellitus, and hypertension (Bartholomew and Olin, 2006).

Diabetic food ulcers
Diabetic ulcers develop in one every four people diagnosed with diabetes
mellitus and, if not treated properly, they may lead to limb amputation
(Boulton et al., 2005). Due to the high prevalence of diabetes, approximately 5-10% of the global population (International Diabetes Federation,
2017), diabetic food ulcers are a common health problem in developed
countries. Complications associated with the patophysiology of diabetes
are the main causing factors of diabetic food ulcers and include neuropathy, vascularity and infection (Han, 2016).
The onset of diabetic food ulcers usually occurs due to the excessive
pressure that patients’ feet undergo. More than 80% of diabetic foot patients suffer from neuropathy, which causes degeneration of motor and sensory nerves (Blakytny and Jude, 2009; Han, 2016). As a consequence, their
foot arches and, together with the loss of pain sensation, this deformity
results in excessive friction of the foot against the footwear, opening the
wound (Blakytny and Jude, 2009; Han, 2016).
Once the wound is opened, the state of the vascular system in diabetic patients takes a toll on their healing. Diabetic patients often suffer from atherosclerosis, which causes insufficient blood irrigation (Han,
2016). When this lack of blood supply affects the wound site, cellular
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activity is limited due to the unmet need for oxygen and nutrients (Han,
2016). In addition, infection is a common complication in these type of
wounds, as inflammatory cells are generally attenuated due to diabetes, facilitating bacterial growth (Han, 2016). Bacteria not only deprive cells in
the wound from oxygen and nutrients but also release toxins that impair
the healing process (Han, 2016).

2.5.3

Current therapies

Among the myriad strategies that are used for the treatment of chronic
wounds, from negative pressure therapy to compression therapy, this section will focus mainly on dressings and other topically applied products.
Dressings are materials placed in direct contact with the wound and
are always used to help in the healing of chronic wounds (Jones, 2006).
Considering the high impact of this type of injuries in developed societies,
it is not surprising the wide variety of products available for their treatment
(Jones, 2006). As a matter of fact, the global market of wound dressings,
valued in US$4.82 billion in 2016 (Visiongain-Ltd, 2017), represents an
important segment of the medical and pharmaceutical market.
Dressings have evolved from simple materials that cover the wound, to
advanced care systems that maintain the wound protected from the environment while providing an optimal moisture for the healing process (Boateng
et al., 2008). More recently, products with bioactive properties have become available. These are able to actively stimulate the healing process
generally through administration of growth factors or cells to the injury
(Boateng et al., 2008). All these strategies are reviewed in this section.
Moist wound environment
In 1962, the British researcher George Winter made a discovery that revolutionized the conception of wound healing. In an in vivo study performed
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on pigs he observed that wounds healed faster if kept moist through an
accelerated re-epithelialization (Winter, 1995). This was contrary to the
conventional conception that wounds should be allowed to dry out and
form a scab to heal. Numerous studies followed, demonstrating other benefits promoted by wound occlusion and moisture, such as scar reduction,
increased angiogenesis, and reduced pain in patients (Eaglstein, 2001).
Based on this idea, many dressings were designed during the 80’s and
90’s and still today represent the gold standard therapy for the treatment of
chronic wounds (Singh et al., 2013). These include moist-retentive dressings like occlusive films, hydrogels, and hydrocolloids used in wounds
with low to moderate exudate levels; and absorbent dressings like foams
and alginates, used in heavily exuding wounds (Jones, 2006; Singh et al.,
2013).

Debridement
Very often, chronic wounds develop dead tissue known as necrotic tissue,
caused by local ischemia and the reduced phagocitic capacity of immune
cells (Nunan et al., 2014). The presence of this devitalized tissue seems
to be an important contributing factor to wound chronicity, because it supports bacterial growth and act as a physical barrier to healing (Singh et al.,
2013). Indeed, removal of this tissue, achieved through debridement, is
critical to accelerate the healing process of chronic wounds (Cardinal et al.,
2009; Steed et al., 1996).
Debridement methods are classified as surgical, enzymatic, autolytic,
mechanical, and biologic (Singh et al., 2013). Among these, the only
method performed with the use of dressings is the autolytic debridement.
Autolytic debridement is a process carried out by phagocytic cells and
proteolytic enzymes present in the wound, by which necrotic tissue separates from healthy tissue (Singh et al., 2013). By using dressings that
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promote a moist environment, such as transparent films, hydrogels, hydrocolloids, and alginates, debridement is accelerated because the moist environment promotes phagocytic cell migraton into the wound bed (Jones,
2006; Slachta, 2012; Singh et al., 2013).
Antimicrobials
Infection is present in many chronic wounds and can hamper their healing. Excessive bacterial burden impairs the healing process by reducing the
oxygen and nutrients available and producing toxins that damage the tissue
(Han, 2016). Most of the products with antimicrobial activity used nowadays are antiseptics that try to minimize the harm on healthy tissue while
destroying pathogens. Some examples include silver, cadexomer iodine,
polyhexamethyl biguanide, and honey (Vowden et al., 2011). Generally,
these are administered by incorporating them in the dressings. However,
since these products can damage or irritate healthy tissue, their use is only
advised in cases of clear infection (Lansdown, 2002b).
Growth factor therapy
The abundance of many growth factors that have crucial roles in the healing
process is decreased in chronic wounds (Lali et al., 2016). Based on this,
exogenous administration of growth factors has been explored to improve
wound healing and minimize scar. Several growth factors, such as granulocyte macrophage-colony stimulating factor, endothelial growth factor and
fibroblast growth factor (FGF), are being evaluated in clinical trials with
successful results (Lali et al., 2016).
However, safety concerns in the use of these type of products remain
and hinder their approval by regulatory agencies. In 1999, the European
Medicines Agency approved the first growth-factor based product for the
treatment of chronic wounds, Regranex® , which contained recombinant
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PDGF. Thirteen years later this product had to be withdrawn after concerns of increasing risk cancer were raised (European Medicines Agency,
2017; FDA, 2008) and, ever since, no more therapies of this kind have
been authorized in Europe. All in all, the application of growth factors is
promising but still not a clinical reality.
Skin grafts
Skin grafts consist in the transplantation of one or more layers of skin from
the same patient (autograft), a human donor (allograft), or other species
(xenograft). Despite being used in the clinic, they present many limitations.
Autografts require the creation of a second wound in the patient, while
allografts and xenografts might not be available and are associated with
immune rejection and transmission of disease. Furthermore, clinical trials
have not provided evidence of significant benefits with the use of this type
of therapy in front of regular dressings (Warburg et al., 1994; Jankunas
et al., 2007).
Skin substitutes
Nowadays, skin substitutes are regarded as the future for wound healing
treatment, since they have the potential to not only repair but also regenerate the function of injured skin (Pang et al., 2017). Skin substitutes are
artificial skin replacements made by materials of biological or synthetic
origin, or a combination of both, and can contain living cells (International
Consensus, 2010). Depending on their design and composition, and the
type of wound treated, they can act as temporary wound covers or as permanent skin replacements of epidermis, dermis, or both skin layers. These
products have emerged from the multidisciplinary field known as tissue engineering. Owing to the current relevance of tissue engineering in biomedical research and its potential in the generation of new therapies for healing

38

State of the art

chronic wounds, the following section will provide a deeper insight into
this field and into the products that are being developed and already used
in the clinics.

2.5.4

Tissue Engineering for chronic wound healing

The emerge of regenerative medicine, and in particular the field of tissue
engineering, is envisaged with the potential to offer definite solutions to tissue and organ defects. Tissue engineering is a multidisciplinary field that
aims to regenerate tissues - or even organs - combining various aspects of
medicine, materials science, engineering, and biology (International Consensus, 2010). Recently, it was defined as "the creation (or formation)
of new tissue for the therapeutic reconstruction of the human body, by
the deliberate and controlled stimulation of selected target cells through a
systematic combination of molecular and mechanical signals" (Williams,
2009).
The classical tissue engineering paradigm consists in seeding cells, ideally from the own patient, on structures that can be made with different
biomaterials and serve as temporary scaffolds (Dvir et al., 2011). Cells are
then allowed to populate the scaffold in vitro and to reorganize themselves
into functional tissue before being implanted into the patient. Mechanical
signals and bioactive molecules such as growth factors can be introduced
in the scaffold to guide the behavior of the cells seeded in it or present in
the implantation site - e.g. differentiation towards a specific lineage-. A
schematic representation of this process is shown in Fig. 2.7.
Although not always necessary for all the strategies, biomaterials are
key elements in the field of tissue engineering. The meaning of the term
biomaterial has evolved through time, with the advances of material science and health technology (Williams, 2009). Currently, the most accepted
definition of biomaterials is the one decided by the American National In-

39

Chronic wounds

Seeding on
scaffold

d c
Tissue organization

Cells

Growth
factors

d
Cultivation
in 2D

b

Engineered tissue
transplantation

e

Cell isolation

a

Figure 2.7: Tissue Engineering schematic representation. A typical strategy
of TE involving the seeding of cells within porous biomaterial scaffolds. A) Cells
are isolated from the patient B) and expanded in vitro. C) Cells are then seeded
on the scaffolds and other molecules such as growth factors might be added. D)
Cell constructs are then cultivated to allow organization into functional tissue.
Bioreactors are normally used to allow penetration of nutrients and oxygen within
the construct. E) When ready, the construct is transplanted on the defected site of
the patient. Adapted from Dvir et al. (2011).

stitute of Health in 1982 that describes biomaterials as "any substance or
combination of substances, other than drugs, synthetic or natural in origin, which can be used for any period of time, which augments or replaces
partially or totally any tissue, organ or function of the body, in order to
maintain or improve the quality of life of the individual". A successful
biomaterial should possess a few important properties, such as being compatible with the body (biocompatible), non-toxic, non-immunogenic, non-
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thrombogenic, non-carcinogenic, and inexpensive (Bergmann and Stumpf,
2013).
Due to its accessibility and relatively simple structure, the skin is the organ for which more tissue-engineered therapies have been developed, and
increasing number of skin substitutes are being commercialized (Varkey
et al., 2015). The following sections will review the history of skin substitutes, its different designs, and the products currently available.

Skin substitutes: from their origins to their current status
Skin tissue engineering started with the work of Rheinwald and Green with
the cultivation and expansion of keratinocytes to generate epithelial grafts
from small skin biopsies (Rheinwald and Green, 1975; Green et al., 1979).
Curiously, this was a decade before the the term "tissue engineering" was
coined by the Washington National Science Foundation bioengineering
panel meeting in 1987 (Nerem, 1992). Since then, a wide variety of skin
substitutes have been designed and approved for their clinical application
(Varkey et al., 2015).
These artificial skin replacement products not only provide a rapid and
safe coverage of the injury but also improve the healing rate compared to
standard therapies (Brigido, 2006; Driver et al., 2015; Mostow et al., 2005;
Marston et al., 2003; Harding et al., 2013). Moreover, they can act as
permanent skin replacements of one or both skin layers.
Skin substitutes may contain cells or be acellular, and can be made by
materials of biological or synthetic origin, or a combination of both (International Consensus, 2010). Depending on the presence or absence of cells
in the construct, and what skin layer is being mimicked, skin substitutes
are classified as acellular dermal equivalents and cellular skin substitutes,
which include epidermal, dermal, and bilayered products (Metcalfe and
Ferguson, 2007).
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Acellular dermal equivalents

The majority of skin substitutes approved by the Food and Drug Administration (FDA) in the United States are acellular dermal equivalents, which
are basically cell-free scaffolds with a structure mimicking the dermis. Materials used to make these products include single or combined ECM components, such as purified, animal-derived collagen or hyaluronic acid, or
decellularized human cadaver skin or animal (porcine, equine or bovine)
tissues - e.g. dermis, small intestine submucosa, pericardium, etc - (International Consensus, 2010).
When used on chronic wounds, these materials are not fully incorporated in the skin. Nevertheless, several clinical trials have shown that they
improve healing with respect to standard therapies (Brigido, 2006; Driver
et al., 2015; Mostow et al., 2005). Current acellular dermal equivalents
approved by the FDA for the treatment of chronic wounds in the USA include CellerateRx® , Integra® , PriMatrix® , AlloDerm® , Graftjacket® , Oasis
Wound Matrix® , and EpiFix® (Allen-Hoffmann and Rooney, 2016).
The mechanisms by which acellular matrices promote wound healing
are not fully understood, and might depend on the structure and source of
the dermal equivalent used. The degradation product of ECM from several
sources has multiple biological properties, such as angiogenic, chemotactic, and antibacterial activity (Ko et al., 2005; Brennan et al., 2008; Li
et al., 2004). In addition, some substrates reduce the excessive amount of
proteases present in chronic wounds (Ulrich et al., 2011).
Overall, acellular dermal equivalents products are showing superior
performance to other therapies, but concerns regarding the risk of transmission of disease and their elevated cost limit their application (Hughes
et al., 2016).
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Cellular skin substitutes
In addition to acellular dermal equivalents, tissue engineered skin substitutes containing autologous or allogenic living cells have also been produced. These products not only provide structural integrity and a barrier
to infection, as other skin analogs, but their cell content actively stimulates
the healing process by changing the wound microenvironment through the
release of growth factors, cytokines and immflamatory mediators (Catalano et al., 2013; Allen-Hoffmann and Rooney, 2016).
Depending on the skin layer they aim to restore, these skin substitutes
can be classified as epidermal, dermal and bilayered (Montfrans et al.,
2014). Epidermal substitutes are usually created by expansion of patientderived keratinocytes in the laboratory. Different products are being commercialized, such as Epicel TM , and they are indicated for treating extensive
burns rather than chronic wounds. However, they are fragile, costly, slow
to produce, and present a varied engraftment success (Sanon et al., 2016).
Cellular dermal substitutes that are being commercialized contain
fibroblasts from either autologous or allogenic origin (Groeber et al.,
2011). An example of a dermal skin substitute approved by the FDA is
Dermagraft® (Organogenesis Inc.), which contains cryopreserved human
foreskin fibroblasts within a bioabsorbable polyglactin mesh scaffold.
This product functions by providing a dermal matrix that facilitates
re-epithelialization by the patient’s own keratinocytes. In addition,
fibroblast present in the substitute stimulate the healing process by
secreting ECM proteins, growth factors, and cytokines into the wound
until they undergo normal apoptosis a few weeks post-implantation
(Groeber et al., 2011). This product improved the healing of diabetic food
ulcers and venous ulcers when compared to conventional therapies
(Marston et al., 2003; Harding et al., 2013).
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Bilayered skin substitutes are anatomically similar to intact human skin
because they are composed of stratified human keratinocytes grown on
dermal equivalents containing living human fibroblasts. Currently, only
a few have been approved by the FDA and only Apligraf® (Novartis) is
indicated to treat chronic skin wounds, as long as they are not infected.
This product contains a stratified epidermis made with human neonatal
keratinocytes and a dermal equivalent made with bovine type I collagen
containing human neonatal fibroblasts (Organogenesis, 2010). It lacks
the presence of other skin structures such as hair follicles, sweat glands
or blood vessels and it does not provoke host immune rejection (Lovas,
2002). Clinical trials have demonstrated the accelerated healing capacity
of Apligraf® even when compared to acellular dermal equivalents (Kirsner
et al., 2015). However, it presents a higher risk of infection because the
shelf life of this product, 10 days, is insufficient to complete sterility tests
needed (Rep, 1998).

Future directions
Skin substitutes have already proven their efficacy in the treatment of
chronic wounds. However, there is considerable room for improvement in
their understanding, design and commercialization.
Despite the initial promising results, larger randomized clinical trials
are needed to validate the efficacy of skin substitutes in front of other
strategies in the treatment of chronic wounds. In addition, their clinical
use is still limited due to economic and regulatory issues, so they must
clearly prove to be cost-effective and safe in order to become a clinical
standard. Thus, different steps of the manufacturing chain must be improved, such as the standardization of production processes, reduction in
costs, and better control over the entire process (Catalano et al., 2013).
The rise of new technologies such as 3D bioprinting might offer solutions
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to these issues (Binder and Skardal, 2016). Another factor that limits their
large-scale marketing is their short lifespan, so preservation and storage
protocols must be optimized and standardized (Catalano et al., 2013).
Skin substitutes have the potential to completely restore the function of
the skin. To reach this goal, many improvements should be implemented.
Skin appendages such as swat glands and hair follicles could be introduced, as well as different cell types such as melanocytes (Furth, 2016). In
addition, skin substitutes should stimulate angiogenesis in the implanted
site to increase engraftment success (Furth, 2016). All in all, despite the
still-needed improvements, tissue-engineered skin substitutes are a very
promising strategy for treating chronic wounds.

2.6

Bioceramics for soft tissue regeneration

Bioceramics are inorganic biomaterials that contain calcium and other mineral ions. They are chemically similar to bone and have been widely investigated for bone and teeth regeneration purposes. Bioceramics are characterized for being bioactive, which means that they induce a specific biological activity (Hastings, 1989). Bioceramics’ bioactivity has normally been
attributed to their capability of binding to living tissues (Hench and Wilson,
1984). Recently, their bioactivity has also been related to the inorganic ions
that they release as they degrade which, in the right concentration and rate,
can stimulate antibacterial activity or biological processes such as angiogenesis (Hoppe et al., 2011). This has motivated to extend the application
of bioceramics from hard tissue to soft tissue regeneration.
Depending on their structural characteristics, bioceramics are
classified as bioactive ceramics, bioactive glasses, or bioactive
glass-ceramics . Bioactive ceramics normally have a crystalline structure
made with calcium-phosphate. Bioactive glasses have an amorphous
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structure and they are composed of glass-forming oxide such as SiO2 -e.g.
bioglass 45S5-, B2 O3 (borate glass), or P2 O5 (phosphate glass). Finally,
bioactive glass-ceramics consist of a two-phase mixture of crystals in a
glass-matrix. In the three cases, the structural differences of these
materials affect their degradability and their mechanical properties
(Vallet-Regi, 2014).
Among the different bioceramics, bioactive glasses are the ones most
extensively studied for application in soft tissue regeneration. One of the
main advantages of bioactive glasses, specially the ones obtained through
the process known as sol-gel method, is that their structural and chemical
composition can be tailored at a molecular level by changing the starting
material, temperature, or the way they are processed (Gorustovich et al.,
2010). Thus, their degradation and bioactive properties can be adjusted
to a specific tissue engineering application. Table 2.1 shows the atomic
composition of some of the bioglasses that have been used for soft tissue
regeneration.
Table 2.1: Examples of some bioglass compositions investigated in laboratories
worldwide. Adapted from Miguez-pacheco et al. (2015).
Composition (wt%) Na2 O
45S5
24.5
13-93
6.00
13-93B3
5.50
58S
S53P4
23.00
13-93
21.64
45S5F
24.50
S53P4
23.00
46S6
24.00

K2 O MgO CaO SiO2 P2 O5
24.5 45.00 6.00
12.00 5.00 20.00 53.00 4.00
11.10 4.60 18.50
3.70
32.60 58.20 9.20
20.00 53.00 4.00
21.64 50.76 5.99
12.25 45.00 6.00
20.00 53.00 4.00
24.00 46.00 6.00

B2 O3
56.60
-

CaF2
12.25
-

The formulation 45S5, also known by the commercial name Bioglass® ,
has been the most studied for soft tissue regeneration. This bioactive
glass was designed by Hench et al. (1971) more than 40 years ago and
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is considered the grandfather composition (Jones, 2013). Additionally,
other glass-forming systems such as borate or phosphate glass have also
shown bioactive properties (Rahaman, 2014). Many studies have demonstrated the biocompatibility of these materials with soft tissues and their
beneficial repairing properties in wound healing, cardiac and laryngeal
tissue, lung, nerve, gastrointestinal and urinary tract, and vascularization
(Miguez-pacheco et al., 2015). In the following section, two of these new
stimulatory applications of bioceramics will be reviewed: wound healing
and angiogenesis.

2.6.1

Wound healing application

Several studies have reported improved healing when some compositions
of bioceramics have been added on wounds of animal models (Kawai et al.,
2011; Jebahi et al., 2013; Li et al., 2016), or even on human patients (Wray,
2011). The improvement of the healing rate has been often related to the
increased vascularization observed at the wound site after bioceramic application (Li et al., 2016; Sen et al., 2002). In addition, some other studies have acknowledged other effects, such as increase of tissue strength
(Gillette et al., 2001), hemostatic activity (Dai et al., 2009; Ostomel et al.,
2006a), proliferation of fibroblasts (Li et al., 2016), and formation of connective tissue (Majeed and Naimi, 2012) and granulation tissue (Li et al.,
2016).
As reviewed in Section 2.4, calcium is involved in many processes related to the healing process and could be playing an important role in the
above mentioned studies. However, again, these studies generally fail in
reporting the concentration of the different ions released from these materials and relating the biological effects observed with these ions. These
information would considerably contribute to the design of bioceramics
with optimal ion release for wound healing.
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This thesis project is mainly devoted to gain insight into this matter.
Chapter 3 explores what concentrations of calcium from calcium chloride
and calcium released from a newly designed calcium-phosphate bioglass
particles stimulate different biological responses carried out by dermal fibroblasts that can impact the healing process. In addition, Chapter 4 studies
the implication of the calcium-sensing receptor in the mediation of some
of these processes. Then, in Chapter 5 the above mentioned particles are
introduced in a dressing and the effect on wound healing and angiogenesis
is evaluated on an in vivo pressure ulcer model.

2.6.2

Angiogenic application

Neovascularization is essential in the process of wound healing
(Section 2.2.3) but also for the successful implantation of tissue
engineered scaffolds. The need for a proper vascularization lies on the
fact that, when cells are further than 100-200 µm from capillaries, their
survival is hindered due to limited diffusion of nutrients, oxygen and
waste products (Jain et al., 2005). Tissue engineering strategies to achieve
increased vascularization have consisted mainly in the introduction of
growth factors - e.g. VEGF - and signaling molecules in scaffolds.
However, translation into the clinics of protein therapy faces several
challenges, including excessive costs of production, poor stability and
short half-life of the protein, and difficulties in delivering safe and
effective doses (Formiga et al., 2012). Therefore, new strategies are
needed to achieve neovascularization of the tissue engineered constructs
in the implanted site.
Bioceramics are regarded as a promising biological-free alternative to
stimulate angiogenesis, based on the properties of the ions they release. In
vitro studies have demonstrated that, when in contact with Bioglass® or
its ionic dissolution, different cell types including fibroblasts and ECs are
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stimulated to proliferate (Day et al., 2004; Day, 2005) and to release key
angiogenic factors such VEGF or FGF-b (Day et al., 2004; Keshaw et al.,
2005; Day, 2005; Leu and Leach, 2008). In addition, media previously
incubated with these materials induces the creation of networks among
ECs in the tube formation experimental model (Leu and Leach, 2008; Zeng
et al., 2014).
When evaluated on in vivo models, such as the chorioallantoic membrane (CAM) of chick embryos or the subcutaneous implantation in rodent,
Bioglass® or Bioglass® -containing composites have shown to be well tolerated by the tissue and to promote neovascularization (Gerhardt et al.,
2011; Day et al., 2004). These studies also point out that an optimal dose
of ionic release is needed to achieve bioactivity while avoiding toxicity,
but did not explore which specific ionic products and concentrations stimulate cells. Neither did they investigate through what specific pathways the
stimulation occurs.
Calcium could be partly implicated with the observed angiogenic stimulation. Extracellular calcium has been reported to stimulate migration,
tube formation and activation of signaling pathways of endothelial progenitor cells (EPCs) (Aguirre et al., 2010). In addition, calcium-releasing
bioceramics promote angiogenesis in vitro by increasing proliferation and
tube formation of EPCs and human umbilical vein endothelial cells (HUVEC) (Chen et al., 2015; Aguirre et al., 2010) and stimulate blood vessel
formation in vivo (Oliveira et al., 2016; Chen et al., 2015; Castaño et al.,
2014; Vila et al., 2013).
Other ions that have shown to stimulate angiogenic responses have also
been incorporated in the structure of bioceramics. Copper and cobalt, for
instance, have been found to activate hypoxia inducible factor-1α, which
enhances the transcription of several angiogenic genes, including VEGF
(Feng et al., 2009; Tanaka et al., 2005). Indeed, bioglasses containing these
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ions have showed improved angiogenic stimulation in vitro (Wu et al.,
2012; Rath et al., 2014; Sen et al., 2002) and in vivo (Barralet et al., 2009;
Lin et al., 2014). Thus, bioceramics seem to offer great possibilities as
angiogenic-stimulating agents in tissue engineered scaffolds. Yet, a better
understanding of the biological effects stimulated by the different ions in
vitro and in vivo, as well as the range of optimal dose, is required.
In Chapter 6, we characterize the calcium release from novel glassceramic particles and test the vasculogenic capability of a composite material made with the combination of a functionalized synthetic hydrogel, the
glass-ceramic particles, and human mesenchymal stromal cells.

2.7

Models to study wound healing therapies

Similarly to the preclinical analysis that any new drug must undergo in
order to reach human patients, new treatments for wound healing also need
to be subjected to several tests to ensure their safety, efficacy and efficiency.
To achieve this, numerous in vitro and in vivo models have been developed
that allow to test a treatment in the context of wound healing.
Chronic wounds respond differently to treatment than acute wounds,
due to their different patophysiology (Demidova-Rice et al., 2012). For
this reason, when choosing a model, it is important to take into account the
specific aspects of the type of wound that aims to be treated.
In this section I will review some of the most common models that are
employed to study therapies to treat chronic wounds, as some of them are
used in the present thesis work. These include in vitro experiments that
assess the response to a treatment of cells implicated in the healing process, mainly keratinocytes and fibroblasts, and the generation of different
types of chronic wounds in animal models to test the efficacy of a dressing.
Owing to the high relevance of vascularization in the healing process, and
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because it is studied in this thesis, in vitro and in vivo angiogenic models
are also described. For the sake of concision, models that focus on inflammation and antibacterial properties are not included in this review.

2.7.1 In vitro models
Cytotoxicity and proliferation
The first step needed for the development of drugs or medical devices consists in the assessment of its cytotoxic effect on cells in vitro. If the therapy
wants to be translated into the clinics, this analysis should be carried out
following the ISO 10993 (Standards, 2009) guidelines. This ISO specifies
that, depending on the nature of the sample to be evaluated, the potential
site of use, and the type of application of the medical devise, cytotoxicity can be studied by exposing the cells to the material either directly,
indirectly, or to an extract of it. Then, cytotoxicity should be analyzed
through different methods that allows to assess cell damage by morphological means (microscopic examination), measurement of cell death - e.g.
live-dead assay, lactate dehydrogenase (LDH) release into the media -,
measurement of cell growth - e.g. Brdu incroportaion into newly synthesized DNA, Picogreen binding into double-stranded DNA-, and quantification of cellular metabolic -activity - e.g. MTT, Alamar BlueTM -. For a
complete cytotoxic and proliferative analysis, two or more of these assays
should be performed (Standards, 2009). When cell viability is reduced
more than 30%, the material is considered cytotoxic. This ISO encourages
the use of cell lines, but primary cell cultures can also be used if reproducibility is demonstrated. When testing wound healing therapies, dermal
fibroblasts, keratinocytes and ECs are normally used.
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Migration

Migration of the different cell types involved in the healing process, including dermal fibroblasts, keratinocytes and ECs, is crucial for the closure of
the wound. Different in vitro models have been used to study migration of
these cells, the most widely used ones being the scratch wound assay and
the transfilter assay.
The scratch wound assay is a simple, quick (usually 8-24 h) and inexpensive method to quantify the ability of cells to cover the area affected by
a wound (Sanz-Nogués and O’Brien, 2016). For this assay, cells that have
formed a confluent monolayer on plate-wells are mechanically injured using a tip, needle, or cell scrapper. Then, the evolution of the wound area
is quantified (Sanz-Nogués and O’Brien, 2016). Alternatively, cells can be
injured thermally, electrically, and optically. To ensure that wound closure
is due solely to migration, cell proliferation can be inhibited by culturing
them in low serum conditions or treating them with mitomycin C (Eccles
et al., 2009).
Transfilters, also known as modified Boyden chambers, allow the quantification of directional migration towards a stimulus. These assays comprise two chambers divided by a 8 µm pore polycarbonate filter usually
coated with collagen, fibronectin or Matrigel, to mimic the in vivo environment (Tahergorabi and Khazaei, 2012). Cells are seeded on the upper chamber and culture medium with the angiogenic agent is placed in
the lower chamber. After some time of incubation, normally from several
hours up to 48h, cells that have crossed the filter are counted (Sanz-Nogués
and O’Brien, 2016). The more chemotactic a substance is, the more cells
cross the filter.
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Proteolytic enzyme production
The detection of altered synthesis rates and/or activity of proteolytic enzymes such as MMPs is important when studying chronic wounds. A common technique used to measure these changes is the zymography assay.
This semi-quantitative technique allows to detect the activity of proteolytic
enzymes contained in a cell lysate or supernatant. Samples are loaded onto
a polyacrylamide gel containing sodium dodecyl sulfate (SDS) to linearize
the proteins, and a substrate for the enzyme, usually gelatin (Vandooren
et al., 2013). Then, proteins are separated by molecular weight under an
electric current and nonreducing conditions. Afterwards, the gel is placed
in a renaturing buffer that partially refolds proteins to their active conformation followed by immersion in a developing buffer that allows the enzymes to degrade the substrate contained in the gel. Finally, after staining
and washing the excess dye, clear bands in the gel appear showing the area
that has been digested by the proteolytic enzymes (Hu and Beeton, 2010).
Densitometric quantification of the band intensity is used to estimate the
protease content of the sample (Hu and Beeton, 2010). Alternatively, other
methods such as Enzyme-Linked ImmunoSorbent Assay (ELISA), Real
Time polymerase chain reaction (RT-PCR) or Western Blot can be used to
quantify the synthesis of proteolytic enzymes and their inhibitors.

ECM synthesis
Quantification of synthesis of ECM components such as collagen,
fibronectin, elastin, laminin, and hyaluronic acid can be performed by
different methods, including immunostaining, colorimetric methods
(Tebu-bio, 2017), ELISA or RT-PCR.

Models to study wound healing therapies

53

Tube formation
The tube formation assay is a rapid (4-16 h) and quantitative model widely
used to screen angiogenic stimulators and inhibitors (Sanz-Nogués and
O’Brien, 2016). This assay models morphogenesis that ECs undergo in
the late stages of the angiogenic process. Cells are seeded on a substrate,
usually growth factor-reduced Matrigel, were they start to form capillarylike structures after a few hours of being exposed to angiogenic stimulus.
Then, several random views area acquired and one or more features are
quantified: total amount of networks per field, network length, number
of sprouts or branches, and number of ring structures (Sanz-Nogués and
O’Brien, 2016).

Fibroblast-populated collagen lattices
In recent years, awareness has been raised on the idea that both dimensionality and stiffness of the substrate affect cell responses (Engler et al.,
2006; Reilly and Engler, 2010; Bott et al., 2010; Stamm et al., 2016). Although most cell-based assays have been performed in two-dimensional
(2D) monolayer cells cultured on flat and rigid substrates, which allows
the simplification and better control of the parameters of study, new models have been designed to expose cells into a more realistic context. These
models aim to culture cells in a 3D environment with a stiffness similar to
the original tissue to obtain a more realistic cell behavior.
Among the different cell types, fibroblasts are particularly sensitive to
the matrix stiffness and the 3D environment (Grinnell, 2003; Rhee and
Grinnell, 2007; Bott et al., 2010). To study the interaction of fibroblast with
ECM in a 3D matrix, a simple model known as the fibroblast-populated
collagen lattices (FPCLs) is used. Basically, FPCLs are collagen matrices
casted on a petri dish with fibroblasts embedded in them.

54

State of the art

Depending on the cell response that wants to be studied, two versions
of the FPCL model are utilized: the free-floating (FF) or the attacheddelayed-released (ADR). The FF-FPCL has been found to mimics better
the granulation tissue while the ADR-FPCL seems to be a better model for
scar formation (Carlson and Longaker, 2004). The FF-FPCL, introduced
by Bell et al. (1979), is casted on Petri dishes, detached soon after manufacture and let to contract for about 2 days. In this model, cells are not subjected to mechanical tension and fibroblast contract the collagen through
traction forces related to locomotion. On the other hand, the ADR-FPCL,
firstly reported by Tomasek et al. (1992), is released 4 or 5 days after casting. During those days, fibroblasts develop tension and differentiate into
myofibroblasts, expressing α-SMA. When the lattice is detached, they contract very rapidly: within 10 minutes most of the contraction is completed.
In both cases, the contraction of the material is quantified by comparing
the initial area of the lattice to the final time point.

3D skin models
The use of in vitro cellular systems that combine the dermal and epidermal
layers, known as 3D skin models, is on the rise. Their increased utilization
is explained by the nonexistence of animal models with the same structure
as human skin, and the encouragement of a more ethical use of animal
testing based on the 3R principles (replace, reduce and refine). Several
models for dermatological testing are even already commercially available,
such as EpiDermFTTM , Phenion® FT Model, and StrataTest® (Stamm et al.,
2016).
Despite the inherent limitations of these models, such as lack of blood
supply, lymphatic clearance, innervation, and hormonal regulation, the
complexity of 3D skin models can be tuned to mimic as much as possible diseased skin (Ruffner et al., 2016). For instance, when patient-derived
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fibroblasts from diabetic food ulcers are incorporated, they present some
of the aspects of chronic wounds (Maione et al., 2015).
Wounds can be created with many different methods, including mashers, scalpels, biopsy punches, dermatomes, liquid nitrogen, and lasers (Xie
et al., 2010; Falanga et al., 2002). Then, soluble substances and different
materials can be added on the wound to test their ability to accelerate the
healing process (El Ghalbzouri et al., 2004; Xie et al., 2010; Marquardt
et al., 2015).
Although ample room for improvement remains to better mimic the
complexity of the skin and the features of specific types of wounds, in the
future, these models are expected not only to provide fundamental new
information of wound healing processes but also to facilitate preclinical
optimization of dosage, duration of therapies, and treatment strategies prior
to clinical trials (Xie et al., 2010).

2.7.2

In vivo models

Despite the advantages that 2D and 3D skin models offer, the complexity
of the healing process in vivo cannot yet be fully recreated in a culture
dish. Thus, animal models are still needed to elucidate the real response of
a wound against a treatment.
Although many species have served as wound healing models, the vast
majority of translational studies use rodent and swine (Ignacio et al., 2016).
Rodents are usually the first choice as they are easier and more economical to house and maintain, and allow manipulation of genetic, dietary,
and environmental variables (Wong et al., 2011). However, anatomical
and wound healing differences exist between rodent and human. Rodents’
loose skin is not attached to the subcutis and has a subcutaneous panniculus carnosus muscle that is believed to facilitate wound contraction and
collagen formation (Dorsett-Martin and Wysocki, 2008). On the contrary,
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human skin is tight and has no panniculus carnosus. Even though wound
contraction occurs in both species during skin wound healing, it is considered the main mechanism by which rodent skin heals, while reepithelialization is the main mechanism for tight-skinned species (Dorsett-Martin
and Wysocki, 2008).
On the other hand, pig skin is anatomically and functionally very similar to human, and it is also tight, which makes this animal a very useful
model of wound healing (Nunan et al., 2014). However, the cost involved
in the breeding and maintenance of pigs, together with their poor genetic
tractability, limit the use of this model (Nunan et al., 2014).
Unfortunately, there is currently no ideal animal model of the chronic
wound, which may explain the lack of success in the translation of novel
therapies to human. Indeed, chronic wounds do not naturally occur in laboratory and domestic animals and the animals used fail to recreate the complexity of comorbidities associated with human chronic wounds (Mustoe
et al., 2006; Liu et al., 2011). To overcome this limitation, wounds with
delayed healing are created by subjecting the skin to lesions such as ischemia, pressure and reperfusion cycles, or by using diabetic, aged, or
ovariectomized animals. This section will review the strategies used to
create different types of chronic wounds, as well as a widely used animal
model to study angiogenic stimulation, the chick CAM model.

The pressure ulcer model
To mimic pressure ulcers, ischemic-reperfusion models are used. Cycles
that consist in interrupting and reestablishing blood supply to a specific
area of the skin are performed, generally by pinching the skin with magnets and removing them after some hours (Fig. 2.8A-B) (Sundin et al.,
2000; Peirce et al., 2000; Stadler et al., 2004; Wassermann et al., 2009).
The local hypoxia generated damages the tissue, causing the release of in-
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flammatory mediators and ROS, which in turn produce additional damage.
The repetition of this process over a number of cycles generates an ulcerous wound. This model has been used on rats (Peirce et al., 2000), mice
(Stadler et al., 2004; Wassermann et al., 2009), rabbits, and pigs (Sundin
et al., 2000).

Chronic ischemic wounds
Ischemia modeling has been achieved by interrupting the blood supply of
specific vessels to the tissue. In the rabbit ulcer model (Fig. 2.8D), an
ischemic zone is generated by suturing off two or three arteries that supply the ear before making a wound down to the cartilage to create a fullthickness injury that has very little lateral vascular supply (Ahn and Mustoe, 1990). In mouse and rat, severe necrotic skin wounds can be generated
within a week transecting the superior or inferior epigastric vessels. This
method is known as the transverse rectus abdominal myocutaneous flap
(Peirce et al., 2000). A less severe ischemic model used in rat, mouse and
pig is the bipedal flap model (Fig. 2.8C), in which blood flow supplying
excisional wounds is surgically prevented (Biswas et al., 2010; Roy et al.,
2009; Chen et al., 1999).

Diabetic animal wound models
Some of the patophysiological factors associated with diabetic food ulcers can be mimicked using diabetic animals. One option is to use animal
strains generated through genetic manipulation or by selective inbreeding,
such as the Akita, NONcNZ010, and db/db mice (Ignacio et al., 2016). Alternatively, diabetes can be chemically induced by administration of toxins
such as streptozotocin, which induce hyperglycemia by provoking pancreatic damage (Michaels et al., 2007).
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The CAM model
The chick CAM is one of the most widely used models for testing the angiogenic potential of substances and materials. Used for more than 100
years, this inexpensive assay is an in vivo test that carry less ethical constraints than rodent experiments, since national legislations worldwide do
not consider unhatched birds as living animals (Aleksandrowicz, 2015).
The CAM is an extraembryonic specialized respiratory tissue present in
the development of avian species. It allows for gas exchange with the outer
environment or, in other words, it functions as a lung during embryonic
life (Romanoff, 1960). Between day 8 and 10 of embryo development, the
central portion of the CAM is fully developed and responsive to pro- and
antiangiogenic stimuli (Deryugina and Quigley, 2008). It is at this time
when test substances are grafted on the CAM, and after 3 to 5 days the
angiogenic response can be analyzed (Deryugina and Quigley, 2008). The
model allows to evaluate the angiogenic response both qualitatively and
quantitatively (Ribatti et al., 2006).
This assay can be carried out in ovo (Fig. 2.8E) or ex ovo (Fig. 2.8F).
When performed in ovo, a window is carefully created on the eggshell
and test substances are applied to the exposed area (Staton et al., 2004).
Alternatively, the entire egg content can be transfered into a Petri dish on
day 3 of development, so that the whole CAM membrane is exposed. This
allows to test a major number of replicates and to visualize the progression
of the angiogenic response (Deryugina and Quigley, 2008).
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Pressure ulcer models
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Figure 2.8: Animal models used for testing treatments for chronic wounds. A)
Ischemia-reperfusion model in which cyclical pressure is applied with opposing
magnets and interpositioned skin. B) Alternative method for ischemia-reperfusion
model, in which a metal plate is implanted under the skin of a loose skinned animal
and periodic compressions of the skin are applied using an external magnet. C)
Pig flap ischemia model, in which surgical incision severs blood flow to specific
regions of skin, creating hypoxic zones. D) Rabbit ear ischemia model, where
ischemia to a full-thickness wound is generated by ligating the blood vessels that
supply the wounded area. E) In ovo CAM model. F) Ex ovo CAM model. Adapted
from Wong et al. (2011) and Nunan et al. (2014).

3

3.1

Effects of extracellular
calcium and
calcium-phosphate bioglass
on dermal fibroblast
Introduction

Chronic wounds are a major threat world-wide, specially to developed
countries, for the increased presence of risk factors such as an aged population, diabetes, and obesity. Section 2.5 explained in detail the socioeconomic impact of this common disease, its general patophysiology, the
distinct features of each type of chronic wound, and the treatments that
are currently used. Unfortunately, current therapies, which mainly involve
the use of dressings with moisture controlled properties, commonly fail
to heal many chronic wounds. Although research in protein therapies and
skin substitutes is showing promising results, their translation to the clinic
seems to be hampered by regulatory and economical constraints (European
Medicines Agency, 2017; FDA, 2008; Frykberg and Banks, 2015). Thus,
there is an urgent need to develop new, economic, effective therapies that
reach the clinic faster.
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In the last years, bioactive glasses have emerged as an alternative strategy to biological treatments for tissue regeneration and wound healing
purposes owing their antibacterial, angiogenic and cell stimulating properties (Section 2.6). Indeed, recent studies have claimed accelerated wound
healing when applying composite materials containing bioactive glasses
on skin injuries (Xu et al., 2015a; Yu et al., 2016; Ma et al., 2014). The
ion release produced while bioceramics degrade seems to be behind their
stimulatory effects, as observed in in vitro studies in which cells are stimulated by media previusoly incubated with bioceramics (Day et al., 2004;
Day, 2005; Li et al., 2016). However, little attention has been paid to the
individual biological contribution of each of the ionic species. Calcium ion
is released by most of the bioceramics and, due to its complex role in skin
and the healing process, it could be involved in some of the stimulatory
effects observed.
As reviewed in Section 2.4, calcium it is not only relevant acting as
a crucial clotting factor at the initial stages of the healing process, but
also plays an important role as an extracellular regulator and internal modulator of key cell types of the process including fibroblasts. Indeed, in
vitro studies revealed that extracellular calcium affects proliferation, collagen synthesis and morphology of fibroblasts (Kulesz-Martin et al., 1984;
Rokosova and Bentley, 1986; Dulbecco and Elkington, 1975; Wang et al.,
2015). However, in most of the studies performed, the optimal stimulating concentrations have not been deeply explored. Considering the pivotal
role of dermal fibroblast in the healing process as described in Section 2.2,
from the late inflammatory phase until full re-epithelialization, it is relevant to achieve a better understanding of the effect of different calcium
concentrations on the biological response of fibroblasts.
To date, the only calcium ion releasing dressings available in the market are alginates, but these are normally applied regarding their moisture
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controlling properties. When alginates are placed on exuding wounds, an
ion-exchange takes place between calcium ions in the dressing and sodium
ions in serum or wound fluid (Thomas, 2000), releasing calcium into the
wound bed. Although this effect has an acclaimed value in hemostasis and
coagulation in the early lesion of acute injuries (Groves and Clawrence,
1986), the benefits and implications in subsequent stages of healing by the
released calcium has attracted minimal attention.
Studies aiming to unravel the impact of calcium in wound healing performed in animal models by topical administration of CaCl2 have shown
conflicting results. One study showed how diary administration of 5 mM
in guinea pig impaired wound healing (Sank et al., 1989), while another
showed how CaCl2 administration improved the formation of granulation
tissue (Mizumoto, 1987). Considering the impact of calcium on the healing process and the relevance on the dose administrated, new systems with
controlled calcium ion release could be designed to improve the wound
outcome.
Such control could be achieved with bioactive glasses. High calciumreleasing bioactive glasses have generally been utilized for hemostatic purposes (Dai et al., 2009; Ostomel et al., 2006b), but not for stimulating other
healing stages. For wound healing, most of the studies have used silicabased bioglasses with a relatively low calcium content and release (Xu
et al., 2015a; Yu et al., 2016; Ma et al., 2014). Recently, novel bioactive
glasses have been designed, named calcium-phosphate organically modified glasses (CaP ormoglasses), that allow a more tunable behavior of the
ion release, thus improving their instructive capacity (Sachot et al., 2013;
Castaño et al., 2014; Sachot et al., 2015). Indeed, composite materials
based on the combination of a polymeric support (i.e. poly-lactic acid) and
CaP ormoglass provided a controlled calcium release of biologically relevant concentrations able to elicit an angiogenic effect both in vitro and in
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vivo (Oliveira et al., 2016). Therefore, with a better understanding of the
necessary doses of extracellular calcium to improve the healing of wounds,
CaP ormoglasses might be promising candidates to be used as off-the-shelf
biological-free bioactive system on chronic wounds.
Based on the idea of exploring the potential use of calcium and CaP
ormoglasses in the context of chronic wound healing, this study aimed to
identify concentrations of extracellular calcium and calcium-releasing ormoglasses that stimulate biological responses of skin wound healing carried out by dermal fibroblasts in vitro. More specifically, sol-gel produced
CaP ormoglasses coded SG5 were characterized and media conditioned
with different concentrations of calcium from CaCl2 (Ca-CaCl2 ) or released by the bioactive glass (Ca-SG5) were tested on rat dermal fibroblasts
to study cell growth, cell migration, extracellular matrix (ECM) remodeling, contractile capacity, and wound-healing related gene expression.

3.2
3.2.1

Materials and Methods
Calcium-phosphate particle preparation and size
characterization

Ormoglass particles of oxide based composition CaO:P2 O5 :Na2 O:TiO2
(44.5 : 44.5:6:5) were prepared by controlled hydrolysis sol-gel method at
inert atmosphere as described previously (Lansdown, 2002a). The
precursors used were prepared as follows. Calcium (Ca) and sodium (Na)
2-methoxyethoxides precursor solutions were prepared by refluxing
metallic calcium (Sigma-Aldrich, 98%) and sodium (Panreac, 99%)
respectively in anhydrous 2-methoxyethanol (Sigma-Aldrich, 99%) at 124
°C during 24 h. Phosphorus (P) ethoxide precursor solution was prepared
by refluxing P2 O5 (Sigma-Aldrich, 99,99%) in absolute ethanol (Panreac,
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99,9%) at 78 °C during 24 h. Titanium (Ti) alkoxides precursor solution
was prepared by diluting Ti-tetraisopropoxide (Alfa Aesar, 97%) in
absolute ethanol. Then, Ti, Ca and Na precursors were added in a balloon
with 1h of vigorous stirring, followed by the addition of previously
distilled 1,4-dioxane until a 5% v/v concentration was reached. The last
precursor solution, P alkoxides precursor, was added at a control rate of
2.5 mL/h at 4 °C with an infusion pump. Then a basic catalyzing aqueous
solution with a molar relation 20:0.1:4 H2 O:NH3 :EtOH and a Ti:H2 O
ratio of 1:60 was added at 1 mL/h and 4 °C. The solution was aged in a
closed vial at 70 °C for 4 days under vigorous stirring. After aging, the
produced particles were washed with ethanol and centrifuged five times
for 5min at 1,000 g. Finally, the SG5 particles were grinded, dried at 90
°C and stored in a desiccator for further use.
The size of the particles was assessed by dynamic light scattering
(DLS) on a Malvern Instruments Zetasizer Nano-ZS instrument. The
solution used was absolute ethanol containing 1% Tween® 20 (Sigma) to
avoid particle degradation and agglomeration. Before the measurement,
the solution containing SG5 was homogenized in a bath sonicator and
transferred into a quartz cuvette. SG5 morphology was observed with
scanning electron microscope (SEM) ((Nova Nano SEM-230, FEI
Company, USA) uncoated on a silicon plate.

3.2.2

Ion release from calcium-phosphate particles and
pH change

Ion concentrations and pH changes of the dissolution product of SG5
were measured in two different aqueous solutions: complete culture
media (CCM) made with calcium-free Dulbecco’s Modified Eagle
Medium (DMEM), and MilliQ water with 10 mM 4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid (HEPES) and 110 mM NaCl and pH
adjusted to 7.6 (MQ).
Particle suspensions of 1.2 mg/mL were prepared and incubated at 5%
(v/v) CO2 and 37 °C. Prior to incubation, the lid of the containers with
CCM was perforated with a needle to allow gas exchange. After 24 h incubation, suspensions were centrifuged for 10 min at 1,000 g. For the control condition utilized to measure total release of ions from the particles,
instead of using the above mentioned aqueous solutions, particles were degraded with 5% HCl in the same proportion (wt/v) as for the release by
incubating them at 37 °C in an automatic shaker (Thermomixer Comfort,
Eppendorf). The supernatant of all solutions was diluted 1/10 in 1% in
HNO3 and the Ca, P, Na and Ti levels of each solution were measured
by inductively coupled plasma optical emission spectrometry (ICP-OES)
(PerkinElmer Optima 3200 RL) in triplicates.
Before assessing pH values of the conditioned media, samples were
diluted adjusting calcium concentration to the levels used for in vitro experiments. Calcium concentration were quantified with the colorimetric
method 0-cresolphtalein complexone (Sigma) (Cohen and Sideman, 1979),
reading absorbance at 570 nm on the Infinite M200pro microplate reader
(Tecan). Once dilutions were made, samples containing CCM were kept in
perforated tubes while samples in the MQ solution were completely sealed.
Then, samples were kept in the incubator for 30 min to allow stabilization
of pH and temperature. Finally, pH was measured with a Laquatwin pHmeter (B-712, Horiba).

3.2.3

Cell isolation and culture

Primary cultures of rat dermal fibroblast were used for all the experiments.
Skin biopsies from 2-4 weeks old Wistar rats were used to isolate dermal
fibroblasts. Briefly, after separating the dermis from the epidermis, the
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dermis was minced and incubated in collagenase/dispase (1.5 mg/mL/ 2.5
mg/mL, respectively) for 2 h at 37 °C. Next, the collagenase/dispase
solution containing the dermis was filtered twice with a 100 µm cell
strainer (Sigma-Aldrich) to obtain a single cell suspension. The isolated
fibroblasts were expanded in CCM consisting of DMEM (Gibco)
supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich),
L-glutamine (L-Glut, Invitrogen), 100 U/mL penicillin (P, Gibco) and 100
U/mL streptomycin (S, Gibco). A stock of cell passage 2 was kept in
liquid nitrogen in 10% Dimethyl sulfoxide (DMSO) (Sigma-Aldrich) in
FBS. All protocols concerning animal care were approved by the
Committee on Ethics and Animal Experiments of the Scientific Park of
Barcelona (Permit No. 0006S/13393/2011). When needed, cells were
thawed from the frozen stock, grown at 37 °C in 5% (v/v) CO2 , and used
within passage 4-6. Medium was changed every three days.

3.2.4

Media conditioning and cell treatment

Ca-CaCl2 media was prepared by dissolving CaCl2 (>96%,
Sigma-Aldrich) in calcium-free DMEM, incubating overnight and filter
sterilizing it with a 0.22 µm pore size filter. Ca-SG5 media was prepared
as follows. A particle suspension of 0.6 mg/mL in calcium-free DMEM
supplemented as regular medium was prepared and incubated for 24 h at
37 °C in 5% (v/v) CO2 . After incubation, the suspension was centrifuged
for 10 min at 1,000 g and the supernatant was collected and sterile filtered
with a 0.22 µm pore size filter.
Calcium released in the conditioned media was measured using the
quantitative colorimetric method 0-cresolphtalein complexone (Sigma) as
explained in Section 3.2.2. Dilutions were made to prepare specific concentrations needed for the assays. In all experiments, 24 h after seeding
cells were rendered quiescent by an overnight incubation in low-serum
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and 0.1 mM calcium medium. Afterwards, the different conditioned media
were added to the cells.

3.2.5

Cell growth

Cell growth in conditioned media containing 10% FBS was studied by
measuring metabolic activity and DNA quantification at day 1, 3 and 6.
For metabolic activity determination, cells (2.5 x 103 ) were seeded in 48
well plates. At each time point, Alamar BlueTM (Alamar Blue kit, Thermo
Fisher Scientific) was added following manufacturer’s instructions and fluorescence was read at Ex/Em wavelength of 530/590.
Increase of cell number overtime was assessed by DNA quantification
with the Picogreen double-stranded DNA (dsDNA) Assay Kit (Invitrogen).
Briefly, 1 x 104 cells/well were seeded in 24-well plates. At the abovementioned time points, cells were lyzed in cold Tris-EDTA buffer (SigmaAldrich) by three freeze-thaw cycles and quantification of DNA was performed following manufacturer’s instructions. Finally, fluorescence was
read at Em/Ex 480/520. For both assays, fluorescence measurement was
assessed on the Infinite M200pro (Tecan) microplate reader. Both Alamar
BlueTM and Picogreen assays were repeated three times containing five and
four replicates per condition respectively.

3.2.6

Total collagen

Collagen secreted in media by the cells cultured with the different conditioned media was measured using the Sircol Collagen Assay (Biocolor,
UK), following the manufacturer’s protocol. Cells (2.5 x 105 ) were seeded
in T25 flasks in complete DMEM. After starvation, cells were treated with
3.5 mL/flask of conditioned media containing 2% FBS for 24 h. Subsequently, media from the flasks was transferred in low protein binding
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microcentrifuge tubes and total collagen was measured following manufacturer’s protocol. Absorbance signal was measured at 555 nm on the
Infinite M200pro (Tecan) microplate reader and values were normalized to
the protein content from the cell extract measured with the bicinchoninic
acid (BCA) protein assay (Thermo Fisher Scientific). The experiment was
repeated three times using four replicates per condition.

3.2.7

Scratch wound assay

To determine the effect on cell migration of the different conditioned media, a scratch-wounded fibroblast monolayer model was employed. Briefly,
cells were seeded into 12-well tissue culture plates and cultured to confluence. Confluent dermal fibroblasts were scrape-wounded using a sterile
p200 pipette tip by one perpendicular linear scratch. Wells were washed
with Phosphate-Buffered Saline (PBS) to eliminate floating and dead cells
and conditioned media (2% FBS) was added. Wound closure was monitored by collecting digitized images immediately after the scratch and 24
h afterwards. To ensure recording of the same wound area at every time
point, a black line perpendicular to the scratch was painted under the bottom of the plate before cell seeding. Images of two sites per well were
captured with an inverted microscope (Nikon TE200) with digital camera
(Olympus DP72) using the 4x phase contrast objective lens. Reduction of
wound areas was analyzed with Image J 1.48i software. Four replicates per
condition were used and the experiment was repeated three times.

3.2.8

Gelatin zymography assay

The activities of matrix metalloprotease (MMP)2 and MMP9 of cell culture
supernatants were measured by a gelatin zymogram protease assay. Cells
(4 x 104 ) were seeded in 24-well plates. After starvation, conditioned me-
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dia containing 2% FBS) was added and, after 24 h media, was collected
and centrifuged at 10,000 g for 10 min at 4 °C. Aliquots of supernatants
were mixed with non-reducing sample buffer 3x (0.3% sodium dodecyl
sulfate (SDS); 15% 1M Tris-HCl pH 6.8, 30% glycerol and 0.075% bromophenol blue) and 30 µL were loaded on 8% SDS polyacrylamide gels
containing 0.1% gelatin (Gelatin from porcine skin BioReagent, Type A,
Sigma). Then, prepared samples were subjected to electrophoresis under a
constant voltage of 125 mV for 90 min. A protein marker (KaleidoscopeTM
Prestained SDS-PAGE Standards, Bio-Rad) was run in parallel for molecular weight identification. Following electrophoresis, gels were washed
in 2% Triton X-100 (Sigma) for 30 min at room temperature to remove
SDS. Gels were then incubated at 37°C for 18 h in 1x Development buffer
(10x Zymogram Development Buffer, Bio-Rad) and stained with 0.5%
Coomassie Blue R250 (Bio-Rad) in 50% methanol and 10% glacial acetic
acid for 1 day. After destaining, gelatinolytic activities were identified as
clear bands against the blue background. To quantify the amount of gelatinase production, gels were scanned on a densitograph (LAS4000 Imaging
System) and intensities of the digitalized bands were measured with ImageJ software. All density values were normalized to the intensity of the
0.1 mM sample and to the protein level of the cell extract, which was measured with the BCA protein assay (Thermo Fisher Scientific). The whole
process was repeated two times using triplicates per condition, which were
run in separate gels.

3.2.9

VEGF ELISA

For quantification of the vascular endothelial growth factor (VEGF)-A released in the medium, the Rat VEGF DuoSet Enzyme-Linked ImmunoSorbent Assay (ELISA) (R&D Systems) was used. Cells (1.5 x 104 ) were
seeded in 24 well-plates with complete DMEM. After overnight starvation,
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cells were incubated with calcium/SG5-conditioned media containing 10%
FBS for 24 h or 72 h. At the final time point, supernatants were collected,
centrifuged at 1,500 rpm for 10 min to remove debris and kept at -80 °C
until used in the ELISA. Cells were washed with PBS and Mammalian Protein Extraction Reagent (M-PER) (Thermo Fisher Scientific) was added to
obtain the cell lysate, which was used to quantify total protein with the
BCA protein assay (Thermo Fisher Scientific). This was used to normalize
measured values of VEGF in the media of each condition. The experiment
was repeated two times using four replicates per condition.

3.2.10

Fibroblast-populated collagen lattice

The attached-delayed-released (ADR)-fibroblast-populated collagen
lattice (FPCL) model was used as previously described (Tomasek et al.,
1992). Briefly, collagen lattices were polymerized in 6-well tissue-culture
plates. Two hundred microliters of the mix of OptiColTM Rat Collagen
Type I (Cell guidance systems) at a concentration of 1.2 mg/mL
containing 2 x 104 rat dermal fibroblasts were carefully added in each
well and allowed to gel for 1 h in a 5% (v/v) CO2 humidified atmosphere
at 37 °C. Then, 2.7 mL of the different conditioned media was added.
Gels were cultured for 5 days, at which time digital images were taken of
each gel using a Leica MZ16 F stereomicroscope. Then, gels were
detached from the surface of the wells by rimming the lattice with a sterile
spatula and images of the floating lattices were captured at 0.5, 1, 2 and 4
h. To quantify lattice shrinking, FPCL surface area was measured with
ImageJ software and values were normalized to the area of the lattices
before being released. The experiment was repeated three times including
three replicates per condition.
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Western Blotting

Expression of alpha-smooth muscle actin (α-SMA) by fibroblasts incubated in the collagen lattices with different calcium concentrations was
quantified by immunoblot analysis. Each gel used in the FPCL experiment
was washed with PBS after the last picture acquisition and transferred into
microcentrifuge tubes. Cell lysate was obtained by incubating the gels with
RIPA supplemented with protease inhibitor cocktail (Santa Cruz Biotechnology) for 20 min in ice. To ensure complete cell lysis, gels were also sonicated (Ultrasonic Processor UP50H) 5 sec at 100% potency in ice twice.
Finally, samples were centrifuged at 10,000 g for 10 min at 4 °C and supernatants were transferred into clean microcentrifuge tubes. DNA concentration of each sample was measured with the Picogreen ds DNA Assay Kit
(Invitrogen) and equal DNA quantities were mixed with 6x Laemmli buffer
and resolved in 10% (wt/v) acrylamide gels followed by transfer onto nitrocellulose membranes (0.45 µm,Bio-Rad). Membranes were blocked in
5% skim milk in Tris-buffered saline containing 0.1% Tween® 20 (TTBS)
at room temperature for 1 h, and were sequentially probed with a goat antiα-SMA polyclonal antibody (1:500 dilution, PA5-18292,Thermo Fisher
Scientific) overnight at 4 °C and then glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:500, G8795, Sigma) for 1 h at room temperature
(RT). After washing 3 times with TTBS, the membranes were sequentially
incubated with secondary antibodies conjugated with horseradish peroxidase mouse anti-goat (1:1,000 dilution, 2354, Santa Cruz Biotechnology)
and donkey anti-mouse (1:3,000 dilution, SA1-100, Thermo Fisher Scientific) for 1 h in 5% milk-TTBS, and finally developed by ClarityTM Western ECL Substrate (Bio-Rad). The chemiluminescent signal was read with
the densitograph LAS4000 Imaging System (GE Healthcare Life Sciences)
and the intensities of the digitalized bands were measured with ImageJ
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software. Density values were normalized to their correspondent GAPDH
band.

3.2.12

Wound healing Real-Time PCR array

Differential gene expression of cells treated with 0.1 mM and 3.5 mM calcium concentration from CaCl2 and from the release of the particles was
assessed using the RT2 ProfilerTM PCR Array Rat Wound Healing (PARN121ZC-2, Qiagen). Cells (8 x 104 ) seeded on 6 well-plate were treated
with conditioned media (10% FBS) for 24 h hours and RNA was extracted
using the RNeasy PlusMinikit (Qiagen) following manufacturer’s instructions. RNA (0.5 µg) of each condition were reversely transcribed with
a RT2 First Strand Kit (Qiagen) and the cDNA was used with the RT2
SYBR Green Mastermix (Qiagen) in array plates containing a panel of
84 wound-healing-related genes, 5 housekeeping control genes, a rat genomic contamination control and RT-controls. Quantitative real-time PCR
was performed with the StepOnePlus Real-time PCR system (Appleid Systems). Cycling parameters were 10 min at 95 °C (activation) followed by
40 cycles consisting of 15 s at 95 °C (denaturation) and 1 min at 60 °C (extension). The CT threshold for all the conditions was matched and mRNA
expression for each gene was normalized to the housekeeping genes of the
array. Relative amounts of RNA for each gene and fold increase were calculated by using the 2 -∆CT method or the 2 -∆∆CT method. The genes
selected were the ones with, at least, two-fold higher or lower than the
control sample.

3.2.13

Statistics

Data are presented as means ± Standard Deviation. The results were subjected to one or two-way ANOVA and statistical differences between the
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groups were analyzed using post hoc Tukey’s test at a significance level
of 5%. The statistical software used was GraphPad Prism 6.0 (San Diego,
CA, USA).

3.3
3.3.1

Results
Characterization of SG5 particles and ion release

Particle size measured with DLS showed an average of 357.3 ± 38.6 nm
(Fig. 3.1A), corroborated with SEM images of the particles (Fig. 3.1B).
SEM images also showed that particles presented agglomeration, even if
non-ionic detergent Tween® 20 (Sigma) was used, and also amorphous
shape.
Assessment of ion release from SG5 (Fig. 3.1C) showed that, after 24h
in aqueous media, all the Ca and P were released from the particles. The
release behaviour for these ions was the same in CCM and in MQ. Nevertheless, Ti release was significantly different between both solutions and
compared to the total Ti in SG5. More specifically, Ti release in cell media
was higher than in MQ. Due to the high concentration of Na in cell media
and the MQ solution, Na released from the particles could not be properly
quantified.
Change in pH in both aqueous solutions by the degradation of SG5
was also measured after adjusting the Ca concentration to the levels used
in vitro (Fig. 3.1D). While the ionic product degradation of SG5 slightly
acidified MQ solution, no changes in pH were detected in CCM.
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Figure 3.1: Characterization of SG5 particles. A) Particle size by DLS, B)
morphology by SEM, C) ion release quantified with ICP-OES and D) pH change
in CCM and MQ. Scale bar of 300 nm.****p<0.0001 .

3.3.2

Metabolic activity and proliferation of rat dermal
fibroblasts

Different calcium concentrations, from 0.1 mM to 7.5 mM, were used to
assess rat dermal fibroblast viability along 6 days. Concentration of 0.1
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mM was the lowest tested because it is optimal for keratinocyte growth
while does not promote fibroblast proliferation (Kulesz-Martin et al.,
1984). At day 3, significant increase in metabolic activity was detected in
the 2.5 and 3.5 mM Ca-CaCl2 conditions, while concentrations of 5 mM
or higher maintained static or even decreased viability (Fig. 3.2A).
Ca-SG5 media stimulated a different behavior. The concentration of 3.5
mM Ca2+ Ca-SG5 increased metabolic activity of cells from day 1, but a
significant decrease was observed at day 6.
The increase in metabolic activity did not correlate with an increased
cell growth, as assessed by total DNA quantification. The assay showed
that 2.5 mM and 3.5 mM Ca-CaCl2 did not increase fibroblast number
compared to the lowest concentration tested (0.1 mM) (Fig. 3.2B). In addition, 2.5 mM and 3.5 mM Ca-SG5 showed a slower growth rate compared
to their Ca-CaCl2 counterpart.

3.3.3

Effect on cell migration

To test whether the different Ca2+ treatments might have an effect on fibroblast migration, a scratch wound assay was performed (Fig. 3.3A). The
area of the wound covered by the cells 24h after scratching is shown in
Fig. 3.3B. All calcium concentrations significantly stimulated cell migration compared to the lowest concentration. In addition, the intensity of the
effect seemed to be concentration-dependent and the maximum migration
was achieved using 2.5 mM Ca2+ . Similar stimulation of cell migration
was found when media with Ca-SG5 was used. Quantification of the increase in perimeter of the cell front also revealed that concentrations of 2.5
mM and above stimulated a more invasive migration behavior (Fig. 3.3C).
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Figure 3.2: Growth of dermal fibroblast in media containing different Ca2+
concentrations from CaCl2 and the ionic release of SG5. A) Metabolic activity
and B) increase in cell number was quantified after 1, 3 and 6 days of incubating
rat dermal fibroblasts in media (10% FBS) with different Ca2+ concentrations.
Data is expressed as the mean of at least four replicates ± standard deviation
(SD). *p<0.05 0.1 mM vs all, #p< 0.05 2.5 mM vs 2.5 mM-SG5, ∇ p<0.05 3.5
mM vs 3.5 mM-SG5.

3.3.4

MMP activity and collagen synthesis

Gelatin zymography was used to assess MMP2 and MMP9 activity, two
key players in ECM degradation (Fig. 3.4A). The results show that 3.5
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Figure 3.3: Dermal fibroblast migration in the scratch wound assay in media
containing different Ca2+ concentrations from CaCl2 and the ionic release of
SG5. Cells were incubated in low serum conditioned media containing different
Ca2+ concentrations. A) Images of the scratch were acquired at 0 h and 24 h and
B) the area of the wound covered by the cells after 24 h and C) the perimeter of
the front cells compared to time 0 h were quantified. Data shows the mean ± SD
of at least four replicates. *p<0.05 Condition vs 0.1 mM¸**p<0.01 Condition vs
0.1 mM, ***p<0.001 Condition vs 0.1 mM; ****p<0.0001 Condition vs 0.1 mM.
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mM Ca-CaCl2 increased MMP9 activity compared to the other
Ca2+ concentrations (Fig. 3.4B). An increase in the active forms of MMP2
were also observed by incubating cells with 3.5 mM Ca-CaCl2
(Fig. 3.4C). In contrast, in the presence of 3.5 mM Ca-SG5 there was no
increase of the gelatinases analyzed (Fig. 3.4B-C).
To study whether calcium might stimulate collagen production of fibroblast, total collagen secreted in the different test media was quantified.
Ca2+ concentrations of 2.5 and 3.5 mM Ca-CaCl2 significantly stimulated
collagen synthesis, and a similar effect was observed in the Ca-SG5 condition (Fig. 3.4D).

3.3.5

VEGF synthesis

Release of VEGF from fibroblasts cultured in complete media containing
different concentrations of Ca-CaCl2 or Ca-SG5 was measured on day 1
and 3. For all conditions, VEGF synthesis was higher on day 1 than on
day 3 (Fig. 3.5). On day 1 the condition 3.5 mM-SG5 presented significant differences compared to 0.1 mM and 3.5 mM of the same time point,
showing a decreased synthesis (Fig. 3.5). On day 3, significant differences
between samples were not detected.

3.3.6

Contractile capacity

The ADR-FPCL model was used to quantify the contractile capacity of fibroblast cultured with different Ca2+ concentrations. Fibroblasts cultured
in lower Ca2+ concentrations (0.1 mM and 1.25 mM) were able to contract
the collagen matrix faster and in greater extent than higher Ca2+ concentrations (2.5 mM and 3.5 mM) (Fig. 3.6A). Differences observed among
conditions revealed a concentration-dependent behavior. Moreover, significant differences between Ca-CaCl2 and their equivalent Ca-SG5 con-
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Figure 3.4: Dermal fibroblast remodeling stimulation studied by analyzing gelatinase activity and collagen synthesis in cell-conditioned media after
treatment of cells with Ca-CaCl2 and Ca-SG5. A) Cell-conditioned media was
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Figure 3.5: Dermal fibroblasts’ synthesis of VEGF after incubation in media
containing different Ca2+ concentrations from CaCl2 or the ionic release of
SG5. VEGF released in media was analyzed on day 1 and day 3. Media was
conditioned for 24 hours. Data is expressed as the mean of at least three replicates
± SD. *p<0.05 Condition vs 0.1 mM; ∇ p<0.05 Condition vs 3.5mM.

centrations were detected only at the highest concentration, 3.5mM. More
specifically, fibroblasts cultures in 3.5mM-SG5 showed reduced contractile
capacity than their equivalent Ca-CaCl2 (Fig. 3.6A).
Differences in fibroblasts’ contractile capacity can be related to variations in expression of α-SMA (Hinz et al., 2001; Arora et al., 1999). To
evaluate this hypothesis, we quantified levels of α-SMA expressed by cells
in the FPCL cultured under the different conditions. The immunoblot analysis performed unveiled clear differences in expression among Ca2+ concentrations (Fig. 3.6B). At 0.1 mM and 1.25 mM the expression of α-SMA
was the highest among the conditions tested, while at 2.5 and 3.5 mM the
expression was significantly lower or even absent (Fig. 3.6B). Moreover,
SG5 conditioned media stimulated similar levels of expression than their
equivalent Ca-CaCl2 concentration. Indeed, this test showed correlation
between α-SMA levels of expression and fibroblast contractile capacity.
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Figure 3.6: Fibroblast contractile capacity in different calcium concentrations studied in the ADR-FPCL model. Four days after casting, lattices were
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3.3.7

Expression of wound healing genes

In order to analyze whether extracellular Ca2+ is able to affect the expression of wound healing genes, a Real Time polymerase chain reaction (RTPCR) for 84 key genes central to the wound healing response was used.
Our results indicate that 38 genes including ECM components, remodeling enzymes, cellular adhesion, cytoskeleton, inflammatory chemokines
and cytokines, growth factors, and signal transduction factors were upreg-
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ulated at least 2-fold in fibroblasts cultured with 3.5 mM Ca-CaCl2 compared to 0.1 mM (Fig. 3.7A). Gene expression correlated with the previously described biological effects. Signal transduction factors involved
in cell proliferation, such as mitogen-activated protein kinase (MAPK) 3,
were also detected. Several integrin subunits and the cytoskeleton regulator Rhoa, which is related to control the detachment of cell’s rear (Alblas et al., 2001), presented increased expression. In addition, augmented
expression of ECM components including different types of collagen as
well as gelatinases MMP2 and MMP9 were detected. Similar results were
observed in fibroblasts cultured with 3.5 mM Ca-SG5, for which the upregulated genes were 36 and only one gene was downregulated (Ccl12)
(Fig. 3.7A). By comparing the expression between 3.5 mM Ca-CaCl2 and
Ca-SG5 we found downregulation in the expression of inflammatory cytokines and chemokines in cells stimulated with SG5 (Fig. 3.7B).

3.4

Discussion

This study shows that different concentrations of extracellular Ca2+ or the
ionic dissolution of calcium-phosphate based particles can stimulate similar relevant wound healing responses of dermal fibroblasts. Extracellular
Ca2+ concentrations of 2.5 mM and 3.5 mM had an impact in metabolic
activity, migration, collagen synthesis, MMP activity, contractile capacity
and wound-healing related gene expression and the wide range of concentrations tested allowed to detect a clear concentration-dependent behavior
in cell migration and contractile capacity. The ionic dissolution of SG5
particles with Ca2+ concentrations adjusted to 3.5 mM elicited similar responses but decreased gelatinase activity, VEGF synthesis, and expression
of inflammatory factors were observed. Overall, extracellular Ca2+ stimulates biological responses in dermal fibroblasts that might improve the
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Figure 3.7: Gene expression comparison of an array of genes involved in
wound healing of dermal fibroblast. Cells were incubated for 24 h in medium
(10% FBS) conditioned with 0.1 mM, 3.5 mM and 3.5 mM-SG5 and cDNA from
the samples was used in a RT-PCR array for wound healing. A) Genes from
the samples 3.5 mM and 3.5 mM-SG5 that resulted in at least a 2 fold change
expression compared to the calcium concentration 0.1 mM are shown. B) Fold
expression of the sample 3.5 mM-SG5 compared to 3.5 mM. Abbreviations of the
genes analyzed are defined in Appendix B.1.

healing of chronic wounds, and some of the responses that could be considered negative are countered when the ionic dissolution of the bioactive
glass tested is used.
Our work shows that extracellular Ca2+ concentrations up to 1.25 mM
did not affect fibroblast metabolic activity (Fig. 3.2A). Increased metabolic

Discussion

85

activity was observed at concentrations starting from 2.5 mM up to 3.5
mM, being cytostatic or cytotoxic above 5 mM. Mitogenic activity of calcium has been known for many years, and proved by different studies
(Dulbecco and Elkington, 1975; Epstein et al., 1992). However, the specific concentration seems to differ depending on species and cell type. For
instance, murine fibroblast cell line 3T3 showed an optimal cell proliferation by addition of 10 mM CaCl2 in DMEM containing 1.85 mM of
Ca2+ (Epstein et al., 1992). Another study using mouse dermal fibroblasts found that the optimal concentration for proliferation was 1.4 mM
Ca2+ , but this was the maximum concentration tested (Kulesz-Martin et al.,
1984). In general, the mitogenic activity of calcium has been assessed
through radioactive-thymide incorporation assays (Dulbecco and Elkington, 1975; Epstein et al., 1992; McNeil et al., 1998). In our study, different
methodologies were employed and included metabolic activity assessment
and dsDNA quantification. Even tough 24 h calcium stimulation increased
metabolic activity and gene expression of the mitogenic protein MAPK3
(Fig. 3.7A), dsDNA quantification did not show increased cell number over
time (Fig. 3.2B). This could be explained by the presence of growth factors contained in the FBS used in the media that could have masked the
expected calcium-stimulated proliferative effect.
Here it is showed for the first time how calcium stimulates
dermal fibroblasts migration in a concentration dependent manner
(Fig. 3.3B). Other studies had shown migration stimulation with
calcium on fibroblasts (Zhang et al., 2014) but, to our knowledge, the
concentration-dependent behavior had not been reported. Fibroblast
migration into the newly formed fibrin matrix at the wound site is an
essential event for the progression of the wound healing. They move
individually following a multistep cycle including protrution, adhesion
formation thorugh integrin binding, stabilization of the leading edge, cell
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body translocation and release of adhesions and detachment of cell’s rear
(Abercrombie et al., 1970; Heath and Dunn, 1978; Huttenlocher et al.,
1995; Lauffenburger and Horwitz, 1996; Ridley, 2003). There is not a
single proposed mechanism by which extracellular Ca2+ can affect cell
migration due the plethora of events in which Ca2+ is implicated and the
complexity of cell motility, but it can be linked to the activation of
calcium-binding proteins.
Studies have shown how increasing
2+
extracellular Ca leads to increase in intracellular Ca2+ (McNeil et al.,
1998) that results in the activation of calcium-dependent proteins involved
in cell migration, such as calpains (Franco, 2005). Although it is out of
the scope of this work, we hypotesize that the increase in gene expression
of several integrins and of the rear dettachment regulator Rhoa (Alblas
et al., 2001) triggered by extracellular calcium, as quantified by RT-PCR,
could be partly responsible of this increased migration.
Our results also showed that high extracellular calcium concentrations
stimulated fibroblast’s ECM remodeling capacity by increasing the synthesis of MMP2, MMP9 and collagen (Fig. 3.4). During the remodeling and repair phase of the healing process, fibroblasts have an essential
role in transforming the new matrix that is being created. Remodeling
requires both degradation and synthesis of new extracellular matrix, but,
as explained in Section 2.5.2, deposition of new tissue in chronic wounds
is prevented or impaired by numerous factors (Medina et al., 2005). Increased collagenase activity was observed elsewhere in an in vivo study by
administration of 5 mM Ca2+ (Sank et al., 1989), and increased expression of MMP2 and MMP9 by 2.5 mM Ca2+ had been previously described
(Zhang et al., 2014). However, the clear increase in the active form of
MMP2 by a specific calcium concentration (3.5 mM) (Fig. 3.4) had not
been reported previously. Interestingly, when the same Ca2+ concentration
was provided by the SG5 ionic release, MMP2 activation form was not in-
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creased. This result might be beneficial in the context of chronic wound
healing, since MMP2 and MMP9 seem to be abnormally expressed in these
type of wounds (Wysocki et al., 1993) and are considered partly responsible for the chronic condition (Medina et al., 2005; Yager and Nwomeh,
1999). In fact, dressings with MMPs modulating properties have been
designed as an approach to improve wound healing, but the inactivation
is achieved by absorbing the protease-rich wound fluid and by providing
a surrogate substrate to the proteases (Wiegand and Hipler, 2013; Cullen
et al., 2002). In addition, the de novo deposition of collagen stimulated
by both CaCl2 and SG5 could also contribute to the improvement of the
healing, since expression of the collagen gene in fibroblasts is suppressed
in some types of chronic wounds (Hansen et al., 2003). Although the stimulating effect of calcium on collagen synthesis by fibroblasts has been suggested by others (Stefanovic et al., 2004; Wang et al., 2015), by testing a
wide range of calcium concentrations we were able to identify an optimal
calcium concentration to promote collagen production by dermal fibroblasts.
Differently to other bioactive glasses reported (Day et al., 2004; Keshaw et al., 2005; Day, 2005; Leu and Leach, 2008), the ionic dissolution
of SG5 did not stimulate the release of VEGF. In fact, the concentration
3.5 mM-SG5 decreased the synthesis of this angiogenic protein (Fig. 3.5).
Nevertheless, neovascularization is a complex process and even if the bioglass used decrease fibroblasts’ synthesis of VEGF, blood formation in the
wound site might not be impaired. The increased release of VEGF on day
1 compared to day 3 can be explained because at the beginning of the assay
cells are in starving conditions, which render them more responsive to FBS
and calcium concentrations of the media added.
After measuring fibroblasts contractile capacity in collagen lattices
incubated with Ca-CaCl2 and Ca-SG5 a clear effect was detected: the low
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Ca2+ concentrations tested stimulated a high degree of contraction
(Fig. 3.6A). Fibroblasts play a key role in the latest events of the healing
process by providing the contractile forces that bring the wound edges
together. As explained in Section 2.2.4, myofibroblasts are the main
responsible of this contraction (Gabbiani et al., 1971). They arise mainly
through differentiation of local fibroblasts and are characterized by the
expression of α-SMA (Tomasek et al., 2002). Since expression of α-SMA
is known to increase (myo)fibroblast contractile activity (Arora et al.,
1999; Hinz et al., 2001), α-SMA expression levels were quantified and
they were shown to correlate with the contractile capacity of fibroblasts
(Fig. 3.6B). According to this result, extracellular Ca2+ would play a
crucial role in fibroblasts differentiation to myofibroblasts. Differences in
fibroblasts attachment to the collagen type I substrate in the presence of
different Ca2+ concentrations is described elsewhere (Grzesiak et al.,
1992) and might affect the mechanical tensions generated between the
cells and the substrate having an impact on the α-SMA expression.
Assuming that Ca2+ concentrations modulate the levels of expression of
α-SMA and the contractile capacity of fibroblasts, the study of the
influence and control of extracellular Ca2+ concentration in the latest
stages of the healing process as an strategy to avoid scar formation would
be a new concept to explore in the field.
The stimulating effects on metabolic activity, cell migration, MMP activity, collagen synthesis, and contractile capacity by the 3.5 mM concentration, both from the added CaCl2 and from the ionic dissolution of SG5,
were supported by the increased expression of genes involved in wound
healing detected through the RT-PCR array (Fig. 3.7A). This result indicated an upregulation of genes of ECM components, remodeling enzymes,
cellular adhesion, growth factors and signaling transduction in fibroblasts
by calcium stimulation. In addition, increased expression of inflammatory

Discussion

89

cues, especially neutrophil-recruiting CXC chemokines, were identified.
Experimental studies have described a peak in the Ca2+ concentration of
the wound site at the 5th day post-wound, coinciding with the period of
maximal inflammatory activity within the wound (Lansdown et al., 1999).
Although the role of extracellular Ca2+ in the inflammatory state of the
wound is poorly defined, it seems to participate by activating the respiratory burst in neutrophils (Kim-Park et al., 1997) and by eliciting a chemotactic response from monocytes in vitro and in vivo (Olszak et al., 2000).
According to our results, high extracellular Ca2+ could also contribute to
the inflammatory state of the wound by increasing expression of inflammatory chemokines and cytokines of, at least, fibroblasts (Fig. 3.7B).
In general, the ionic dissolution of the calcium-releasing particles stimulated similar biological effects to their equivalent CaCl2 concentration.
However, relevant differences were detected in some biological responses.
Even though short term incubation in particle-conditioned media stimulated cell metabolic activity, long term exposure of fibroblasts to this release provoked cytotoxicity in vitro. The method used for the production
of SG5, based on sol-gel without posterior high temperature treatment, favors the presence of non-decomposed organic material in the structure of
the particles that, when released, could induce some degree of cytotoxicity. However, it should be considered that in an open system such as in an
in vivo situation, the cytotoxic effect should be attenuated, as previously
observed (Castaño et al., 2014; Oliveira et al., 2016; Sachot et al., 2016).
In addition, Ca2+ concentrations of 3.5 mM from the ionic dissolution of the particles did not increase collagenase activity and expression of
inflammatory factors as much as the CaCl2 concentration. This is of particular interest, since increased collagenase activity and pro-inflammatory
cytokines seem to be present in chronic wounds (Schultz and Mast, 1999;
Wysocki et al., 1993) and stimulation of these responses should be avoided.
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These differences in stimulation between the Ca-CaCl2 and the Ca-SG5
can be explained due to the other products released by the particles, but not
to changes in media pH (Fig. 3.1D). Together with calcium, phosphate is
the most abundant ion released by these particles and it could be playing a
role in the observed stimulation since it has been described to exert bioactive effects on proliferation or osteogenesis of osteoprogenitor cells and
human mesenchymal stem cells (Chai et al., 2011; Danoux et al., 2015).
Hence, most of the biological effects stimulated by the ionic release of
SG5 could be beneficial in the process of chronic wound healing. Nevertheless, repeating these experiments with human-derived dermal fibroblasts from ulcers might provide us with more trustworthy information of
the effectiveness of these calcium-releasing particles. In addition, due to
the complexity and plethora of players involved in the wound healing process, a deeper understanding of the effect of the release should be acquired
on other cell types and processes, especially on keratinocytes, inflammatory cells, and angiogenesis. Last but not least, if the particles were to be
used on chronic wounds, reliable measurements of the levels of calcium
in the wound site during the healing process would be needed in order to
design dressings that could deliver optimal doses at every stage.

3.5

Conclusions

In conclusion, extracellular calcium was able to stimulate relevant biological responses carried out by dermal fibroblasts in wound healing at specific
concentrations including metabolic activity, MMP9 and MMP2 synthesis
and activation respectively, collagen synthesis, contraction capacity, and
expression of a myriad of genes involved in wound healing. Interesting biological effects were observed, such as the concentration-dependent stimulation of cell migration and matrix contraction. When equivalent calcium
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concentrations were used adjusting the ionic dissolution of SG5 in the media, similar responses were obtained while undesired effects in chronic
wounds such as increased gelatinase activity or expression of inflammatory factors were avoided or diminished. Thus, SG5 could improve the
chronic wound outcome but the complexity of the healing process require
its evaluation on other cell types and in an in vivo context.

4

4.1

Responses mediated by the
calcium-sensing receptor
Introduction

In the previous chapter we showed how extracellular calcium stimulates
different biological responses on dermal fibroblasts, including metabolic
activity, migration, matrix metalloprotease (MMP)s activation, collagen
synthesis, contraction capacity, and expression of inflammatory cues. This
chapter aimed to gain insight into the signaling pathways mediating some
of these effects. More specifically, we studied the implication of the
calcium-sensing receptor (CaSR) in metabolic activity, migration,
collagen synthesis, and MMPs activation through the use of different
agonists and negative allosteric modulators of the receptor.
As commented in Section 2.4, intracellularly, calcium plays an essential role as secondary messenger in the transduction of numerous signaling pathways. Calcium signaling occurs with the sudden rise in cytoplasmic calcium through the opening and closing of different calcium channels
present in the plasma membrane or intracellular reservoirs like the endoplasmic reticulum (Koolman and Roehm, 2005). Nevertheless, calcium
can also act as an extracellular signal by binding to different receptors, the
best studied of which is the CaSR (Hofer, 2005).
93
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The CaSR belongs to the Family C of the G protein-coupled receptors (GPCR), which also includes the metabotropic glutamate receptors
(mGluRs), GABAB receptors, and receptors for taste and pheromones, as
well as an amino acid and divalent cation-sensing receptor called GPRC6A
(Brauner-Osborne et al., 2007). Equally to the other members of the GPCR
superfamily, CaSR is present in the plasma membrane in a dimeric configuration (Bai et al., 1998) and is structurally composed of three parts: seven
transmembrane α-helices, an extracellular amino-terminal segment where
ligands bind, and an intracellular carboxy-terminal tail (Fig. 4.1A).
The receptor is cooperatively activated by Ca2+ ions over a concentration range of 0.5-10 mM, and also by a plethora of other signals, such
as divalent and trivalent cations -e.g. Sr2+ , Gd3+ -, organic polycations
-e.g. spermine-, aminoacids, pH or ionic strength (Jensen and BraunerOsborne, 2007). Upon activation, the CaSR can fire different intracellular signaling pathways as shown in Fig. 4.1B, such as the phospholipase
C/inositol-1,4,5-trisphosphate (IP3)/Ca2+ signalling pathway, or mitogenactivated protein kinase (MAPK) cascades including the p42/44 MAPK,
known as extracellular signal-regulated protein kinases 1 and 2 (ERK1/2)
(Yamaguchi et al., 2000), the p38 MAPK (Maiti et al., 2008) and the c-Jun
NH2-terminal kinase (JNK) (Arthur et al., 2000) pathways.
The CaSR is known to be essential to the parathyroid glands for the
maintenance of the body calcium homeostasis, but it is expressed in other
cell types and tissues, such as in kidney, stomach, bone, colon and the skin
(Alfadda et al., 2014), where it has been linked to mediate many different functions. Study of the implication of the CaSR in the mediation of
different biological processes has been mainly carried out with the use of
calcimimetics and calcilytics, that selectively stimulate or inhibit the activation of the receptor (Alfadda et al., 2014). Calcimimetics are classified
in type I or agonists, which bind to the orthosteric site of the receptor in the
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Figure 4.1: CaSR Structure and intracellular signaling activation A) A
model of the dimeric form of the CaSR showing its three structural components: an extracellular domain (ECD), a seven transmembrane-spanning domain
(7TM) and the intracellular domain (ICD). The extracellular matrix (ECM) contains the amino-terminal domain (N) and it is thought to be structured in a bilobed, venus-flytrap structure (VFT) that contains the ligand binding sites. The
ICD contains the carboxyl-terminal group and is the binding site for G-proteins
and the scaffolding protein filamin. B) Upon ligand binding, conformational
changes of the receptor lead to activation of the G-proteins, which triggers a
variety of intracellular signaling pathways. These include stimulation of phospholipase C (PLC)/IP3/Ca2+ signalling pathway, inhibition of adenylate cyclase
(AC), activation of the Rho kinase, activation of MAPKs -e.g., ERK1/2, p38
MAPK, and JNK- and activation of cytosolic phospholipase A2 (cPLA2). Other
proteins playing a role in these signaling pathways are arachidonic acid (AA),
cyclic AMP (cAMP), diacylglycerol (DAG), inositol-1,4,5-trisphosphate receptor (Ins(1,4,5)P3R), MAPK kinase (MEK), phosphatidylinositol 4-kinase (PI4K),
phoshatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2). Adapated from Hofer and
Brown (2003).

ECD, and type II or positive allosteric modulators, which bind to the 7TM
leading to conformational changes of the receptor that increase sensitivity
to physiological ligands (Alfadda et al., 2014). On the other hand, calcilytics are mainly composed by negative allosteric modulators, which, by
binding to the 7TM, decrease sensitivity to physiological ligand (Alfadda
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et al., 2014). Inhibition of the expression of the receptor through genetic
manipulation has also been used in some studies (McNeil et al., 1998; Tu
et al., 2004; Milara et al., 2010).
In the skin, the relevance of the CaSR has been mainly attributed to
its role on keratinocytes. Indeed, in vitro studies showed that expression
of the CaSR on keratinocytes is critical for their differentiation (Tu et al.,
2001) and its absence in an in vivo model demonstrated perturbation in the
calcium gradient of the epidermis and in the barrier permeability (Tu et al.,
2012). On fibroblasts, the biological responses triggered by the CaSR have
been less explored. In vitro studies have linked the activation of the CaSR
by calcium, positive allosteric modulators, or agonists with activation of
the ERK1/2 pathway (McNeil et al., 1998; Yu et al., 2006). In addition,
fibroblasts exposed to calcimimetics show stimulation of cell proliferation
(Bhagavathula et al., 2009; Jenkins et al., 2011; Zhang et al., 2014), migration (Zhang et al., 2014), MMPs expression (Bhagavathula et al., 2009;
Jenkins et al., 2011; Zhang et al., 2014) and tissue inhibitor of metalloproteinase (TIMP) expression (Bhagavathula et al., 2009; Jenkins et al., 2011;
Zhang et al., 2014).
In the present work, we exposed rat dermal fibroblasts to several agonists and negative allosteric modulators of the CaSR and study their effects
on different biological responses stimulated by calcium. More precisely,
we used Gd3+ to confirm activation of ERK1/2 and studied the effects of
this agonist on metabolic activity, cell migration, collagen synthesis, and
gelatinases activation. In addition, we used other agonists, including Sr2+ ,
Zn2+ and Mg2+ , to study their effect on metabolic activity and migration.
Finally, the negative allosteric modulators NPS2143 and calhex231 were
used to help elucidate the implication of the CaSR in the biological effects
investigated.

Materials and Methods

4.2

Materials and Methods

4.2.1

Cell isolation and culture
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Rat dermal fibroblasts were isolated and cultured as explained in Section 3.2.3. Cells were expanded in complete culture media (CCM) consisting of Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich), 2 mM LGlut, and 100 U/mL penicillin/streptomycin (P/S), and were used between
passage 4-6. During expansion, media was changed every three days. Media containing different Ca2+ concentrations were prepared by dissolving
calcium chloride (>96%, Sigma-Aldrich) in calcium-free media with low
(2%) or normal (10%) FBS concentration, 2 mM L-Glut, and 100 U/mL
P/S. Solutions were sterilized through a filter (0.22 µm pore size) after
preparation. Before treatment, cells were starved overnight in 2% FBS and
0.1 mM Ca2+ .

4.2.2

Immunofluorescence

Dermal fibroblasts were seeded on sterile 15 mm coverslips in 24-well
plates in CCM. After overnight starvation, low-serum media with different
calcium concentrations were added. Following a 24 h calcium treatment,
cells were washed with Phosphate-Buffered Saline (PBS) and fixed with
4% paraformaldehyde solution (EM grade, Electron Microscopy Sciences)
for 10 min. Then, cells were washed again with PBS and blocked with
3% bovine serum albumin (BSA) (Sigma-Aldrich) in PBS for 30 min.
Afterwards, they were incubated overnight at 4 °C with anti-CaSR antibody (1:400 dilution, 5C10, Thermo Fisher Scientific) followed by incubation with secondary Alexa 488 goat-anti-mouse antibody (1:500 dilution,
ab150113, Abcam) for 1 h at room temperature (RT). Antibody dilution
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was made in 3% BSA-PBS and cells incubated with secondary antibody
alone were used as negative controls. F-actin was stained incubating rhodamine phalloidin (1:400 dilution, Molecular Probes) for 10 min at RT,
and cell nuclei were stained by incubating 4’,6-diamidino-2-phenylindole,
dilactate (DAPI) (1:200 dilution, Molecular Probes) for 2 min at RT. After thorough rinse with PBS, coverslips were mounted on mowiol 40-88
(Sigma-Aldrich) and allowed to dry protected from light. Images were
obtained with a Nikon E600 microscope using a DP72 Olympus camera.

4.2.3

Agonists’ treatment (Gd3+ , Zn2+ , Mg2+ , Sr2+ )

Gadolinium (Gd3+ ) chloride (99.99%, Sigma-Aldrich), zinc (Zn2+ )
chloride (Bioreagent, Sigma-Aldrich), magnesium (Mg2+ ) chloride
anhydrous (>98%, Sigma-Aldrich) and strontium (Sr2+ ) chloride
hexahydrate (99.995%, Sigma-Aldrich) were used. For cell treatment,
stock solutions of 10 mM in MilliQ were prepared for Gd3+ and Zn2+ .
Sr2+ and Mg2+ dilutions were made from a freshly prepared 10 mM
solution in calcium-free media. Solutions were sterilized through a filter
(0.22 µm pore size) after preparation. Experimental media was prepared
by diluting these solutions in low (2%) or normal serum (10%) containing
calcium-free DMEM with 2 mM L-glutamine, 100 U/mL P/S.

4.2.4

Negative allosteric modulators treatment (NPS2143
and calhex231)

NPS2143 hydrochloride (Santa Cruz Biotecnhology) (Fig. 4.2A) and Calhex 231 hydrochloride (Axon Medchem) (Fig. 4.2B) were dissolved in
Dimethyl sulfoxide (DMSO) (100 mM) and ethanol absolute (10 mM), respectively, and stored at -20 °C. Prior to use, stock solutions were diluted
1:100 in PBS. NPS2143 and calhex231 were used in a concentration of
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2.5 µM and 1 µM respectively in calcium-free medium. Groups treated
with these modulators were preincubated in the above-mentioned concentrations for one hour before calcium addition, and they were also added in
the calcium solutions.

Figure 4.2: Chemical structures of synthetic negative allosteric modulators
of CaSR. A) Structure of NPS2143 and B) calhex231. Adapted from Jensen and
Brauner-Osborne (2007).

4.2.5

Western Blotting

Western blot analysis was used to detect CaSR protein (150–135 kD) and
phospho-ERK1/2 (42, 44 kD) in dermal fibroblasts. Cells were seeded
in 6-well plates (5 x 104 cells/well) and allowed to proliferate until 80%
confluence. Then, cells were starved overnight and, after media treatment, cells were washed with PBS and lysed with RIPA supplemented with
protease inhibitor cocktail (Santa Cruz Biotechnology) plus 50 mM phosphatase inhibitor sodium fluoride (Sigma-Aldrich) for 20 min in ice. Samples were transfered to microcentrifuge tubes and centrifuged at 10,000 g
for 10 min at 4 °C. Finally, supernatants were transferred into clean microcentrifuge tubes and stored at -80 °C until needed. Western blotting
was performed as explained in Section 3.2.11 with some changes. Protein concentration of each cell lysate was quantified with the bicinchoninic
acid (BCA) protein assay (Thermo Fisher Scientific) following manufacturer’s instructions, and a total of 15 µg of protein mixed with 3x Laemmli
buffer was loaded per lane. For experiments detecting CaSR protein, sam-
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ples were run in 8% (wt/v) acrylamide gels. Transference was performed
at 40 mV overnight and, after blocking, membranes were incubated with
anti-CaSR (1:500 dilution, 5C10, Thermofisher Scientific) overnight at 4
°C and then with β-tubulin (1:600, 2146, Cell Signaling Technology) for 1
h at RT. The secondary HRP-linked antibodies used were anti-mouse IgG
(1:5,000 dilution, SA1-100, Thermofisher Scientific) and anti-rabbit IgG
(1:3,000 dilution, 7074, Cell Signaling Technologies), which were incubated for 1 h at RT. Assays detecting ERK1/2 used 10% (wt/v) acrylamide
gels and transference was carried out at a constant voltage of 100 mV for
1 h. In this case, antibodies used were the phospho-44/42 MAPK antibody
(1:1000, 4376, Cell Signaling Technologies), incubated overnight at 4 °C,
and the secondary anti-rabbit IgG antibody (1:3,000), incubated at RT for
1 h. For these membranes, Ponceau staining (Sigma-Aldrich) made after
transference was used as loading control.

4.2.6

Metabolic activity

Cellular metabolic activity was measured after exposing cells to conditioned media containing 10% FBS for six days. Cells (2.5 x 103 cells/well)
were seeded in 48 well plates. At the specified time point, Alamar BlueTM
(Thermo Scientific) was added following manufacturer’s instructions and
fluorescence was read at Ex/Em wavelength of 530/590. Values were normalized to control condition containing 0.1 mM Ca2+ .

4.2.7

Scratch wound assay

Scratch wound assay was performed as explained in Section 3.2.7.
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4.2.8

Collagen synthesis

Synthesized collagen present in the supernatant was quantified as described
in Section 3.2.6.

4.2.9

Statistical analysis

Each experiment were performed in triplicate including, at least, three
replicates. Data are presented as means ± Standard Deviation. The results were subjected to one or two-way ANOVA and statistical differences
between the groups were analyzed using post hoc Tukey’s test at a significance level of 5%. The statistical software used was GraphPad Prism 6.0
(San Diego, CA, USA).

4.3
4.3.1

Results
Analysis of expression of the CaSR in dermal fibroblasts

To investigate if the CaSR might be mediating some of the effects stimulated by extracellular Ca2+ in primary dermal fibroblasts reporter in Chapter 3, we first analyzed the expression of this receptor by Western blotting
and immunofluorescence. For the analysis, cells were incubated for 24 h
in low serum media containing different calcium concentrations: 0.1, 1.25,
2.5, and 3.5 mM.
Western blot showed similar expression of CaSR in all Ca2+ concentrations tested (Fig. 4.3A). Two major bands were identified in the Western blot: at ∼130 kD, corresponding to an incompletely processed, high
mannose intracellular form, and at ∼150 kD, associated to the fully gly-
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cosylated, cell surface-expressed form of the receptor (Fan et al., 1997)
(Fig. 4.3A).
Immunofluorescence staining confirmed the presence of the protein in
fibroblasts cultured under the different Ca2+ concentrations. Since no differences were observed in the amount and location of the signal among
conditions, here we show only a representative image corresponding to
the 1.25 mM Ca2+ condition (Fig. 4.3B-G). As observed in Fig. 4.3DE, the signal was mainly localized at the membrane edge and, interestingly, in some areas CaSR signal seemed to be concentrated in clusters
(Fig. 4.3F-G). The control used without anti-CaSR antibody showed presence of background signal (Fig. 4.3B) but, in samples incubated with the
primary antibody, a different signal corresponding to the presence of CaSR
was detected (Fig. 4.3D). All in all, these results demonstrate expression
of the CaSR on rat dermal fibroblasts cultured under different calcium concentrations, and show that the receptor might me organized in clusters at
the edge of the plasma membrane.

4.3.2

Effect of gadolinium on metabolic activity and cell
migration

Two of the biological effects found to be stimulated by extracellular calcium on dermal fibroblasts in Chapter 3 were metabolic activity and cell
migration. More specifically, we detected that concentrations of 2.5 and
3.5 mM Ca2+ stimulated these effects compared to a low Ca2+ concentration of 0.1 mM. To explore if metabolic activity and cell migration could
be mediated through the CaSR, we compared fibroblasts’ responses to calcium with fibroblasts’ responses to a widely reported agonist of the receptor, Gd3+ .
Metabolic activity was quantified after exposing fibroblasts to Ca2+ or
Gd3+ containing-media for six days. Gd3+ stimulated fibroblasts’
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Figure 4.3: Expression of the CaSR in calcium-treated rat dermal fibroblasts.
A) Cells were cultured for 24 h in low-serum media containing different calcium
concentrations and cell lysate was analyzed by Western Blot. Anti-β-tubulin was
used as loading control. B-G) Immunofluorescent staining was performed on cells
cultured under the same conditions. Here we show a representative image corresponding to 1.25 mM Ca2+ . CaSR is stained in green, F-actin in red, and nuclei
in blue. B) CaSR for the negative control and C) merge with F-actin and nuclei signal are shown. D) Positive signal for CaSR and E) merge are also shown.
F-G) Magnified images of the clusters of CaSR observed at the edge of the cell
membrane. Scale bar for B-E is 50 µm while for F-G is 10 µm.
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metabolic activity in a concentration dependent fashion (Fig. 4.4A).
Significant differences to 0.1 mM Ca2+ were detected from 10 µM Gd3+
and reached its maximum in the highest Gd3+ concentration tested: 50
µM (Fig. 4.4A). In addition, Gd3+ concentrations in the range 10-50 µM
stimulated the same level of metabolic activity as 3.5 mM Ca2+
(Fig. 4.4A).
Media containing Gd3+ also increased cell migration, as shown by the
scratch wound assay (Fig. 4.4B-C). A scratch was performed on a confluent layer of fibroblasts and cells were exposed to media containing calcium
or gadolinium. Cell migration was quantified by analyzing the area of the
scratch covered by cells before and 24 h after media addition. To avoid
cell proliferation during the assay, cells were rendered quiescent overnight
in low calcium and FBS media before the scratch, and, during the assay,
they were cultured in low serum media. Results showed that 50 µM Gd3+
stimulated migration as 2.5 mM Ca2+ (Fig. 4.4C). Concentrations lower
than 50 µM Gd3+ did not show significant increase in migration when
compared to the low calcium concentration tested. However, a concentration dependent stimulation trend was observed among the different Gd3+
concentrations tested (Fig. 4.4C), as previously reported for calcium (Section 3.3.3).

4.3.3

Effect of gadolinium on gelatinase activation and
collagen synthesis

Now we wanted to investigate the possible implication of the CaSR in mediating the remodeling capacity stimulated by calcium, as described in Section 3.3.4. In that section we detected increased MMP9 and the active form
of MMP2, as well as stimulation of collagen synthesis by 2.5 and 3.5 mM
Ca2+ . Here, we wanted to study if the CaSR agonist Gd3+ might be stimulating these same effects.
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Figure 4.4: Gadolinium effect on metabolic activity and cell migration. A)
Metabolic activity of cells cultured in 10% FBS with calcium or gadolinium for
six days was determined by Alamar BlueTM reduction. B) For migration assessment in the scratch wound assay, low serum media containing calcium or gadolinium were used and images of the scratch were acquired at 0 h and 24 h. C)
The area of the wound covered by the cells after 24 h compared to time 0 h was
quantified. Experiments were performed in triplicate and data shows the mean ±
standard deviation (SD) of at least four replicates. *p<0.05 Condition vs 0.1 mMCa; **p<0.01 Condition vs 0.1 mM-Ca; *** p<0.001 Condition vs 0.1 mM-Ca;
**** p<0.0001 Condition vs 0.1 mM-Ca; # p<0.05 Condition vs 2.5 mM-Ca; ##
p<0.01 Condition vs 3.5 mM-Ca; ### p<0.001 Condition vs 2.5 mM-Ca.
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Both gelatinase activation and collagen synthesis were analyzed from
the supernatant of cells incubated for 24 h in low serum media with different Ca2+ and Gd3+ concentrations. As shown in the zymography in
Fig. 4.5A, Gd3+ concentrations tested did not increase the active form of
MMP2 or synthesis of MMP9 as the 3.5 mM Ca2+ . Nevertheless, increase
in the inactive form of MMP2 was observed if compared to 0.1 mM Ca2+ ,
specially for the concentration of 50 µM. This concentration also stimulated collagen synthesis (Fig. 4.5B).
To ensure that the differences observed between conditions were not
caused due to variations in cell density, quantification of total protein of the
cell extract was performed. As shown in Fig. 4.5C, the amount of protein
extracted from the cells cultured under the studied conditions was equal.
Overall, from the concentrations tested, we can conclude that gadolinium
did not stimulate gelatinase activation as calcium, but it increased collagen
synthesis.

4.3.4

Activation of the ERK1/2 pathway with gadolinium

One of the signaling pathways that the CaSR can activate when stimulated
by calcium or its agonists is the p44/42 MAPK pathway, also known as
Erk1/2 pathway (Yamaguchi et al., 2000). When the signaling pathway
of the CaSR leads to phosphorilation of the Erk1/2 complex, these protein
kinases translocate into the cell nucleus and affect expression of genes that
control important cell responses such as proliferation and apoptosis (Mebratu and Tesfaigzi, 2009). Therefore, ERK1/2 could be playing a role in
the biological effects stimulated by calcium on dermal fibroblasts.
To study if this pathway was activated on dermal fibroblasts exposed
to calcium or Gd3+ we analyzed phosphorilation of ERK1/2 by Western
blot. Cells were serum-starved overnight in low calcium and exposed to
2.5 mM Ca2+ or 25 µM Gd3+ (Fig. 4.6). Finally, cell lysate was obtained
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Figure 4.5: Gadolinium effect on gelatinase activation and collagen synthesis.
Cells were incubated for 24 h in low serum media containing calcium or gadolinium and supernatant was analyzed using gelatin zymography and Sircol Collagen
Assay TM . A) Representative zymogram showing MMP9 and MMP2 forms for
the different conditions. B) Collagen quantification from the supernatant. C) Protein concentration quantified from the cell extract. Experiments were performed
two times and data from the plot shows the mean ± SD of at least three replicates.*p<0.05 Condition vs 0.1 mM-Ca¸**p<0.01 Condition vs 0.1 mM-Ca.

at 0, 5, 15, 30 and 60 min post addition, and phosphorilation of ERK1/2
was assessed.
Results showed that both Ca2+ and Gd3+ triggered ERK1/2 phosphorilation (Fig. 4.6). The maximum phosphorilation was observed at 5 min
post treatment, seeming higher for the Ca2+ concentration tested than for
Gd3+ . After this time point, the signal decreased progressively in both
treatments. Therefore, we showed that activation of the ERK1/2 cascade
was taking place in a very similar fashion in dermal fibroblasts exposed

108

Mediation by the Ca-SR

either to calcium or gadolinium, and this activation could be mediated
through the CaSR.
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Figure 4.6: ERK1/2 phosphorilation after addition of calcium or gadolinium.
A) Cells were rendered quiescent and were incubated in low serum media containing 2.5 mM calcium or 25 µM gadolinium for 5, 15, 30 and 60 min. Cell lysates
were used for Western blotting and probed with antiphospho-ERK1/2 antibody.
Ponceau staining was used as loading control. B) Densiometry analysis relative
to the condition at time 0 min is shown.

4.3.5

Effect of other CaSR agonists on metabolic activity
and cell migration

To increase evidence of the implication of the CaSR in mediating stimulation in metabolic activity and cell migration, other agonists were used.
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Stimulation of metabolic activity was assessed with 10% FBS media
containing different concentrations of Zn2+ and Mg2+ after six days of
treatment. All Zn2+ concentrations tested, ranging from 5 to 60 µM, increased metabolic activity compared to 0.1 mM Ca2+ (Fig. 4.7A). As for
Mg2+ , increased metabolic activity was found only for a concentration of
10 mM, while lower concentrations did not affect cell activity (Fig. 4.7B).
Cell migration in the scratch wound assay was studied with Zn2+ ,
Mg2+ and Sr2+ (Fig. 4.7C). Significant differences were detected for 3.5
mM Mg2+ , and for 1.25 and 3.5 mM Sr2+ (Fig. 4.7C). The concentration
of 50 µM Zn2+ did not stimulate cell migration (Fig. 4.7C) and 100 µM
was toxic in low-serum conditions (data not showed). From the agonists
and concentrations used, 3.5 mM Sr2+ stimulated the highest level of
migration, even though it did not reach the levels of migration promoted
by 2.5 mM Ca2+ (Fig. 4.7C). To sum up we can conclude that, in general,
these CaSR agonists tested stimulated metabolic activity and cell
migration.

4.3.6

Effect of NPS2143 on ERK1/2 phosphorilation,
gelatinase activation, cell migration, and metabolic
activity

The specific negative allosteric modulator for CaSR, NPS2143, was used
to further unravel the implication of this receptor in mediating increase
of gelatinases, cell migration, and metabolic activity. NPS2143 did not
alter MMP activation of cells exposed to 3.5mM Ca2+ (Fig. 4.8C) but
it decreased cell migration in the wound scratch assay (Fig. 4.8D) and
metabolic activity (Fig. 4.8E). Nonetheless, the vehicle alone also had an
impact on cell behavior. Since these interferences due to the presence of
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Figure 4.7: Effect of other CaSR agonists on metabolic activity and cell migration. Metabolic activity of cells after being incubated for six days in media
containing 10% FBS and different concentrations of A) Zn2+ and B) Mg2+ , compared to Ca2+ stimulation. C) Comparison of the area covered by migrated cells
after 24 h of being exposed to low-serum media containing Ca2+ versus different concentrations of Zn2+ , Mg2+ , and Sr2+ . Experiments were performed three
times and data shows the mean ± SD of at least four replicates. **p<0.01 Condition vs 0.1 mM-Ca; ****p<0.0001 Condition vs 0.1 mM-Ca; #### p<0.0001
Condition vs 2.5 mM-Ca.

the vehicle were detected, we did not carry on with collagen quantification
using NPS2143.
In addition, ERK1/2 phosphorilation was compared to calcium-treated
cells in the absence or presence of the antagonist. A control containing the
same dilution of the vehicle used to dissolve NPS2143, 0.0025% DMSO,
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was included. As shown in Fig. 4.8A-B, the presence of 2.5 µM NPS2143
decreased phosphorilation after 5 min of treatment. However, the vehicle
alone also modified the resulting phosphorilation.

4.3.7

Comparison of ERK1/2 phosphorilation with calcium and calhex231

Since DMSO used to dissolve NPS2143 seemed to affect cell behavior, we
tried a different antagonist dissolved in a different vehicle. More precisely,
we used calhex231 (1 µM) in ethanol absolute to analyze ERK1/2 phosphorilation of cells treated with calcium (Fig. 4.9A). Western blot analysis
showed decreased signal at 5 min in samples treated with calhex231. Nevertheless, the same behavior was detected in samples treated with the vehicle only, even though the concentration of ethanol was as low as 0.01%
(Fig. 4.9B). Thus, the vehicle used with calhex also affected ERK1/2 phosphorilation.

4.4

Discussion

Extracellular calcium stimulates relevant biological processes carried out
by dermal fibroblasts during skin wound healing, as demonstrated in Chapter 3. Several membrane receptors and ion channels have been implicated
with the biological responses that extracellular calcium promote on cells,
among which the CaSR has been one of the most studied. In the skin,
the role of this transmembrane receptor in keratinocytes has been widely
investigated, but only a few studies have focused on dermal fibroblasts.
By using different agonists and negative allosteric modulators of the receptor, the present work gained insight into the mediation of the CaSR on
calcium-stimulated processes including metabolic activity, cell migration,
gelatinases activity, and collagen synthesis.
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Figure 4.9: Phosphorilation of ERK1/2 after addition of calcium, calcium and
calhex231, and calcium and calhex231 vehicle, ethanol. A) ERK1/2 phosphorilation of samples treated with 2.5 mM Ca2+ alone or with 1 µM calhex231 or its
vehicle (0.01% ethanol absolute) was analyzed by Western blot. B) Densiometry
of the membrane relative to time point prior to treatment is represented.

CaSR expression in primary rat dermal fibroblasts cultured under different extracellular calcium concentrations was detected by immunoblotting and immunofluorescence (Fig. 4.3). Two bands were detected in the
Western blot against CaSR, as previously reported (Fan et al., 1997). Moreover, immunofluorescence of non-permeabilized cells allowed to localize
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the receptor in the plasma membrane. Interestingly, clusters of the receptor were detected at specific points of the membrane edge (Fig. 4.3F-G).
To our knowledge, these clusters of CaSR had not been observed before.
However, a study by Tharmalingam et al. (2011) showed that CaSR is expressed in the plasma membrane with β-1 integrins in a macromolecular
complex in rat thyroid carcinoma cells, and that stimulation of the CaSR
promotes cell adhesion and migration via integrin activation. Since fibroblast’s migration depends largely on the clustering of integrins in the so
called focal adhesions (Huttenlocher and Horwitz, 2011), we hypothesize
that the clusters of CaSR might co-localize with focal adhesions in the
plasma membrane.
Stimulation of dermal fibroblast’s metabolic activity by 3.5 mM Ca2+
was compared to a wide range of concentrations of different agonists for
the CaSR, as well as to the negative allosteric modulator NPS2143. All
agonists tested, including Gd3+ , Mg2+ , and Zn2+ stimulated responses as
with Ca2+ . In addition, for the different ions, the concentrations that stimulated the response were in accordance to the range of concentrations reported to activate the receptor. Gd3+ , which is considered to have a high
affinity to the receptor and has been reported to stimulate in the submicromolar to tens of micro-molar range (Breitwieser et al., 2004), promoted
metabilic activity in the range of 10-50 µM (Fig. 4.4A). Zn2+ has been
classified as a mid-stimulator of the CaSR with affinities in the micromolar
to submillimolar range. In our study, we detected stimulation in the range
from 5-100 µM (Fig. 4.7A). Mg2+ is considered a physiological agonist of
the receptor, and to stimulate it in the millimolar range. As previously reported, the affinity of this ion was lower than for Ca2+ (Brown et al., 1993),
since stimulation was detected only from 10 mM of Mg2+ (Fig. 4.7B).
Metabolic activity was impaired when we used the negative allosteric
modulator NPS2143, but the same behavior was detected for the control

Discussion

115

group containing the vehicle alone (Fig. 4.8E). Thus, the interference of
the vehicle does not allow to ensure that inhibition of metabolic activity is
taken place through the CaSR. Stimulation of metabolic activity through
CaSR in fibroblasts had been shown before in the study made by Zhang
et al. (2014), in which they used a positive and negative allosteric modulator of the receptor, calindol and calhex231 respectively, on neonatal
rat cardiac fibroblasts. Nevertheless, the study failed to include a control
group with the concentration of vehicle of these substances.

Cell migration was also studied with different agonists and NPS2143.
Gd3+ , Mg2+ , and Sr2+ stimulated migration in a concentration-dependent
fashion. However, we were unable to detect stimulation by Zn2+ . Of the
two concentrations tested, 50 µM did not trigger migration, while 100
µM was toxic in low serum conditions. It is possible that an intermediate concentration might have stimulated migration, but it could also be that
Zn2+ is not activating the CaSR. Differently to Gd3+ , Mg2+ , and Sr2+ ,
widely proved CaSR agonists (Coulombe et al., 2004; Jensen and BraunerOsborne, 2007; Hurtel-Lemaire et al., 2009; Aguirre et al., 2010), no clear
evidence exists of the activation of CaSR with Zn2+ . As a matter of fact,
Zn2+ has been found to activate the ERK1/2 pathway through a G-protein
coupled receptor (Oh et al., 2002) but, rather than the CaSR, the one mediating this signaling could be another receptor specific for zinc (Hershfinkel
et al., 2007). On the other hand, NPS2143 decreased calcium-stimulated
migration but, again, the vehicle alone also affected cell behaviour. The
only study that we have found to show fibroblasts’ stimulation of migration
with activators or inhibitors of the CaSR is the abovementioned work by
Zhang et al. (2014). Nonehtheless, this study lacks important information,
such as the culture conditions during migration and a control that shows
the possible effects of the vehicles alone. Thus, we show some evidence of
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the mediation of cell migration thorugh the CaSR, but further experiments
should be performed to prove it.
Mediation of the CaSR in fibroblasts’ remodeling capacity was assessed with Gd3+ and NPS2143. Gd3+ did not stimulate MMP2 activation as high Ca2+ concentration (3.5 mM), and NPS2134 did not impair
or reduce its activation. Previous studies had shown increased expression
of some MMPs in fibroblasts with CaSR agonists (Bhagavathula et al.,
2009; Jenkins et al., 2011; Zhang et al., 2014), but not of MMP2 activation (Jenkins et al., 2011). Thus, CaSR does not seem to mediate high
calcium-stimulated gelatinase activation. In contrast, collagen synthesis
was stimulated in the presence of Gd3+ . This result differs from previous
studies, which did not find collagen synthesis stimulation by Gd3+ or other
agonists (Bhagavathula et al., 2009; Jenkins et al., 2011). Therefore, more
agonists and allosteric modulators of the receptor should be tested to better
explore the implication of CaSR in collagen synthesis.
Another way to study the activation of the CaSR is by analyzing the
intracellular pathways that get activated when it is exposed to agonists or
inhibitors. Here, we focused on the detection of the phosphorilation of
the MAP kinases ERK1/2 through Western blotting. Analysis of ERK1/2
phosphorilation as a signal of CaSR activation in fibroblasts was first reported by McNeil et al. (1998), which used different agonists, including
Gd3+ . In our study, both extracellular Ca2+ and Gd3+ triggered ERK1/2
phosphorilation. The signal peaked at 5 min, being more intense for the
Ca2+ concentration tested (2.5 mM) than the Gd3+ (25 µM), and continuously decreased afterwards (Fig. 4.6). The differences in intensities could
be explained by the fact that ERK1/2 phosphorilation signal trough the
CaSR is not only time-dependent but also dose-dependent (Kifor et al.,
2001). Nevertheless, Gd3+ has been reported to activate other transmembrane receptors such as platelet derived growth factor (PDGF) receptor
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(Bhagavathula et al., 2010) and the metabotropic glutamate receptor1α
(mGluR1α) (Abe et al., 2003), which can lead to ERK1/2 phosphorilation.
For this reason, CaSR activation of the ERK1/2 pathway was also studied by exposing calcium-treated fibroblasts to negative allosteric modulators. When we used NPS2143, we detected decreased phosphorilation on
time 5 min but the vehicle employed to dissolve the drug alone, DMSO at
0.0025%, seemed to affect the firing of the signal (Fig. 4.8). Unfortunately,
alteration of the phosphorilation was also observed when using a different
vehicle (0.01% ethanol absolute) for another negative allosteric modulator,
calhex231 (Fig. 4.9). Therefore, owing to the interferences observed by the
vehicles used with the negative allosteric modulaors, we cannot conclude
that the activation of the ERK1/2 pathway is being initiated by the CaSR.
To better unravel the implication of the CaSR in the biological responses analyzed in this study, more agonists, and positive and negative
allosteric modulators should be used. In addition, activation of other signaling pathways, such as p38, JNK or the PLC/IP3/Ca2+ , when exposed to
the different modulating substances should be analyzed. Specific blockers
of these pathways can be used to study their implication in the different
biological responses. Moreover, knocking-out the expresion of CaSR or
inhibiting the receptor with siRNA would also clarify the role of the CaSR
in the biological responses, as done in previous studies (McNeil et al.,
1998; Maiti et al., 2008; Milara et al., 2010). Nevertheless, the results
presented here show that CaSR agonists can stimulate beneficial biological responses carried out by dermal fibroblast in wound healing, including
migration and collagen synthesis, while avoid gelatinases activation. Since
calcium can affect cell behavior through other pathways, the use of these
ions may allow a more specific and directed cellular stimulation. The controlled release of these ions by bioceramics could therefore contribute with
improved healing of wounds.
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Conclusions

This work showed expression of the CaSR in rat dermal fibroblasts in clusters at the edge of the plasma membrane that had not been reported before.
CaSR agonists, including Gd3+ , Mg2+ , and Zn2+ stimulated metabolic activity and Gd3+ , Mg2+ , and Sr2+ promoted cell migration. In addition,
Gd3+ also stimulated collagen synthesis, but not gelatinases activation.
Since Gd3+ activated the MAP kinase pathway of ERK1/2 in a similar
fashion as calcium, we hypothesized that this pathway might mediate some
of the observed stimulations. To grow evidence of the implication of the
CaSR in the mediation of the biological stimulations observed, we used
negative allosteric modulators but encountered a difficulty. The vehicles
alone employed to dissolve these substances were interfering with the cellular response. Therefore, when using these reagents, studies should always include a vehicle control, and in many cases they are missing. Thus,
the role of CaSR in mediating the biological responses stimulated in fibroblasts should be further studied with other modulators and inhibitors of the
receptor. Nonetheless, the observation that CaSR agonists stimulate useful responses for wound healing suggest the possibility of using materials
that release these ions instead of calcium, since a more controlled cellular
response might be achieved.

5

5.1

In vivo evaluation of a
calcium-releasing composite
on a pressure ulcer diabetic
model
Introduction

In Chapter 3 we reported that the calcium-phosphate ormoglass SG5 promotes favorable responses on dermal fibroblasts for an improved healing, such as increased cell migration and collagen synthesis. Based on
these results, we suggested that these particles could be incorporated in a
biological-free novel dressing for the treatment of chronic wounds. This
chapter was devoted to designing and testing such a dressing.
As mentioned in Section 2.5.3, novel therapies are needed for the treatment of chronic wounds. Conventional dressings, which improve healing
by keeping a moist environment in the wound, are not effective enough for
many chronic injuries (Margolis et al., 1999; Werdin et al., 2009). Over the
last years, the development of biological based therapies, such as growth
factor administration or the use of skin equivalents, have raised high expectations, but its translation into the clinics has been hampered due to regu119
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latory, economic and safety issues (European Medicines Agency, 2017;
FDA, 2008; Frykberg and Banks, 2015). Thus, new, off-the-shelf, cost
effective, and secure treatments are in urgent need.
Recently, the use of bioceramics has been suggested for the treatment
of wounds, as explained in Section 2.6.1. Indeed, some compositions have
shown improved wound closure when applied topically (Jebahi et al., 2013;
Li et al., 2016; Sen et al., 2002) or intravenously (Kawai et al., 2011) in different animal models, mostly in full-thickness wounds of rat and mice. In
general, these studies report increased number of vessels or expression of
angiogenic factors when bioceramics are applied, so the accelerated healing has been explained by increased vascularization (Sen et al., 2002; Lin
et al., 2012; Jebahi et al., 2013; Li et al., 2016).
Based on our previous experience in the use of the electrospinning technique and the use of poly(lactic acid) (PLA) for the generation of biomaterials, we synthesized a novel composite material made of electrospun PLA
fiber-based membranes containing SG5. This material showed gradual calcium release and pro-angiogenic properties in vitro and in vivo (Oliveira
et al., 2016). More specifically, human progenitor-derived endothelial cells
(HDECs) cultured on this material proliferated well and increased vascular endothelial growth factor (VEGF) expression (Oliveira et al., 2016).
When implanted subcutaneously in mice, the ormoglass-containing composite increased the expression of pro-angiogenic factors, such as VEGF,
Insulin growth factor 2 (IGF-2), Interleukin 1 beta (IL-1 β) and interleukin
6 (IL-6), as well as the number of vessels (Oliveira et al., 2016).
Our results obtained in vitro exposing dermal fibroblasts to the ion release of SG5, together with the angiogenic effect observed subcutaneously
in vivo with the composite material, prompted us to test this material on
skin wounds. The dressing was synthesized and characterized, and evaluation of cell viability was performed in media conditioned by the material.
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To achieve a better understanding of the current needs in the treatment of
chronic wounds and improve the design of the in vivo model, we carried
out a survey addressed to medical professionals specialized in the treatment of chronic wounds. Then, the dressing was applied on pressure ulcer
wounds generated in diabetic mice. Its effect on wound closure, collagen
deposition, blood vessel generation, and granulation tissue formation was
compared to a particle-free PLA membrane and to a commercial dressing
frequently used in the treatment of chronic wounds. In addition, the overall
performance of the dressing was compared to the unmet needs of current
treatments for chronic wounds, according to our survey.

5.2
5.2.1

Materials and methods
Calcium-phosphate particle synthesis

Calcium-phosphate ormoglass particles referred as SG5 with a composition of CaO:P2 O5 :Na2 O:TiO2 (44.5:44.5:6:5) were produced by the sol-gel
method as described in Section 3.2.1.

5.2.2

Synthesis of electrospun PLA/calcium-phosphate
composite

PLA nanofibers loaded with 25% (w/w) SG5 were generated with the electrospinning technique as explained elsewhere (Oliveira et al., 2016; Sachot
et al., 2016). The process of electrospinning is a widely used method to
produce biomaterials and allows to generate mats of polymer nanofibers by
subjecting a polymer solution to electrostatic forces (Kamudzandu et al.,
2015).
The main components needed for electrospinning are a syringe, a spinneret -e.g. needle-, a pump, a high voltage power source, and a fiber col-
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lector device placed as in Fig. 5.1A (Kamudzandu et al., 2015). A polymer
is dissolved in a highly volatile solvent, loaded in a syringe with a needle
at the end, and placed in a pump that forces the solution through the needle
(Sill and von Recum, 2008; Mouthuy and Ye, 2011). The needle is connected to a high voltage power supply, which injects charge of a certain
polarity into the polymer solution (Sill and von Recum, 2008; Mouthuy
and Ye, 2011). If the electrostatic force created by the repulsion of similar charges is sufficient to balance out the surface tension of the polymer
solution, a protuberance know as the Taylor cone is formed at the tip of
the needle and a jet is emitted from its apex (Fig. 5.1B) (Sill and von Recum, 2008; Mouthuy and Ye, 2011). While the fiber jet is traveling towards
the grounded collector it undergoes a chaotic whipping instability, which
increases the transit time and the path length to the collector and aids in
the fiber thinning and solvent evaporation processes (Sill and von Recum,
2008). The fiber jet is then deposited on the collector the configuration
of which will determine if the fibers of the generated mat are aligned or
randomly oriented.
To generate the PLA fiber mat loaded with SG5 particles, we electrospun a solution of 4% w/w PLA (70/30 L-lactide/DL-lactide copolymer,
Purasorb PLDL 7038) in 2,2,2-trifluoroethanol (TFE) (99.8%, Panreac)
with 25% w/w SG5 particles to PLA. First, SG5 particles were homogeneously dispersed in TFE within a glass container with ultrasounds (Branson Ultrasonic Sonifier, Model 102C) for 30 s at 30% amplitude with intermittent pulses of 1 s ON and 2 s OFF. Then, PLA pellets were added and
stirred until completely dissolved at room temperature (RT), for about 3 h.
The solution was transfered in a plastic syringe with a 23 GA tip (Precision
tips, Nordson EFD) and the electrospinning process was performed under
the following parameters: 10 kV applied voltage, 1 mL/h dispensing pump
rate, and 15 cm tip-collector distance. Fibers were deposited on aluminum
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Figure 5.1: Schematic representation and functioning of the typical electrospinning system. A) The electrospinning technique is performed with a syringe
loaded with a polymer solution placed on a pump which controls the speed of
extrusion of the solution through a metallic needle. The needle is connected to
a high voltage supply, which injects charge of a certain polarity into the polymer
solution. When the charge of the solution reaches a critical value, the solution is
accelerated towards a collector of opposite polarity. B) The electrospinning process takes place due to the effects of the forces generated by the electric field on
the polymer solution. Under the electric field, the repulsive electrical forces generated in the solution change the rounded shape of the solution hold by surface
tension forces at the exit of the needle into a cone shape, known as Taylor cone.
At a critical value of the electric field applied to the solution, the repulsive electrical forces overcome the surface tension forces of the polymer solution and a jet
is ejected from the tip of the Taylor cone. As the jet travels towards the collector,
whipping instabilities draw out the fiber to nanoscale diameters as the solvent in
which the polymer was dissolved evaporates. Adapted from Kamudzandu et al.
(2015).

foil hold on a rotor turning at 1200 rpm. Thus, the final orientation of the
fibers in the mat was aligned. To facilitate detachment of the deposited
fibers from the aluminum foil, this was covered with a thin layer of glycerol (99%, Panreac) prior to the electrospinning. Control fibers consisting
of PLA fibers alone were produced under comparable conditions but without particles. Once synthesized, fibers were kept in a desiccator to allow
evaporation of TFE traces and improve fiber preservation.
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Calcium release, pH and FE-scanning electron microscope (SEM) characterization

Measurement of calcium release from the fibers was performed in cell culture media at different time points. Fibers were cut in squares of 1.7 cm x
1.7 cm, sterilized under UV for 15 min on each site, and introduced separately in a 24-well plate. Then, 500 µL of media consisting of calcium-free
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco), 2 mM L-Glut (Invitrogen), 100 U/mL penicillin/streptomycin (P/S) (Gibco), and 10% (v/v)
fetal bovine serum (FBS) (Sigma-Aldrich) was added in the wells and samples were incubated at 37 °C in 5% (v/v) CO2 . At each time point (30
min, 60 min, 90 min, 120 min, 24 h, 48 h, 72 h) 100 µL were removed
to be analyzed and replaced with fresh media. Calcium concentration
was assessed with the colorimetric method 0-Cresolphtalein Complexone
(Sigma) (Cohen and Sideman, 1979) reading absorbance at 570 nm on the
Infinite M200pro microplate reader (Tecan). Cumulative calcium release
was calculated taking into account the total calcium moles cumulated at
each time point, including the ones removed over time and subtracting the
background signal from media. pH was measured with a Laquatwin pHmeter (B-712, Horiba). Five replicates were used per condition.
Mats’ thickness was measured with an electronic digital micrometer,
and micro- and macro-morphology was observed using an Ultra-High Resolution Field Emission Scanning Electron Microscopy (Nova Nano SEM230; FEI Co.) operating at 5.00 kV. Prior to imaging, samples were coated
with an ultra-thin layer of carbon to render them conductive.

5.2.4

Fibroblast viability in conditioned media

Evaluation of viability of cells cultured for 24 h in media previously incubated with the fibers was assessed with the Alamar BlueTM (Thermo Sci-
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entific) reagent following manufacturer’s instructions. For this experiment,
commercially available human dermal fibroblasts from healthy adults (Promocell) were used. These cells were expanded in complete culture media
(CCM) consisting of DMEM with 1.8 mM calcium, 10% FBS, 2 mM LGlut, and 100 U/mL P/S at 37 °C in 5% (v/v) CO2 changing media every
3 days and used at passages 4-7.

Conditioned media was prepared by adding 500 µL of CCM on previously UV-sterilized fibers of 1.7 cm x 1.7 cm and incubating them for 24
h at 37 °C in a CO2 incubator. Media incubated with mats from the same
condition, either PLA or PLA-SG5 mats, was pooled before adding it to
the cells.

Cells (15,000 cells/well) were seeded in 24-well plates in CCM and,
after 24 h, conditioned media was added. At 1 and 4 days post-treatment,
media of each well was replaced by 400 µL of CCM containing 10% Alamar BlueTM and incubated at 37 °C for 3 h. Then, 100 µL of each well
was transferred to a 96 well plate in triplicates and fluorescence was measured at Ex/Em wavelength of 530/590 using a microplate reader (Infinite M200 Pro, Tecan). The remaining culture medium containing Alamar BlueTM was removed and cells were washed with Phosphate-Buffered
Saline (PBS), 500 µL of fresh conditioned medium was added to each well
and cells were cultured until the next time point. Eight replicates were
used per condition, and the experiment was repeated three times. Background values from Alamar BlueTM containing media not incubated with
cells were subtracted from all measured values and these final values were
normalized to the average value corresponding to the control sample with
non-conditioned media on day 1.
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Survey

An on-line survey of 20 questions was addressed to medical professionals of the metropolitan area of Barcelona specialized in the treatment of
chronic wounds. Details about the survey are given in Appendix A.2.

5.2.6

Animal model

Thirty-two obese and diabetic mice with a mutation in the leptin receptor, know as db/db, were obtained from Charles River Laboratory and used
at 8-weeks old. To avoid hormone interference in the healing of wounds,
male mice were used. Once received, all mice were housed in specific
pathogen-free barrier facility and were acclimatized to their new environment for 7 days before the beginning of the study. Animals were fed on
a pellet diet of LabDiet® 5K52 formulation (6% fat) and water ad libitum. For the experiment, mice were randomly divided in two groups:
one group was treated with PLA and PLA-SG5 mats while others were
treated with the commercial dressing Mepilex® (Mölnlycke Health Care)
and PLA-SG5. During the experiment, mice were caged individually to
prevent magnets of different animals from sticking together and to avoid
mice interfering with dressings from other mice. All studies and procedures were performed with the approval of the animal care committee of
the Government of Catalonia.

5.2.7

Generation of a pressure ulcer wound

To generate pressure ulcers on the dorsal side of mice a previously
reported model was used that consisted in performing cycles of
ischemia-reperfusion (IR) with the external application of two magnets
(Stadler et al., 2004; Saito et al., 2008; Wassermann et al., 2009).
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On the first day of the experiment, mice were anesthetized in a chamber with 5% isoflurane and maintained at 2% isoflurane during the procedure. Mice backs were shaved with an electric razor and cleaned with
70% ethanol. Then, the skin was gently pulled and placed between two
round ceramic magnetic plates (12 mm diam, 5 mm thickness, IMA) previously sterilized with ethanol, pinching the epidermis, dermis, hypodermis, and panniculus carnosus. An unpinched space of 0.5 to 1 cm was left
between magnets (Fig. 5.2A) so that two separate injuries could be generated on each animal. Six IR cycles were performed in each mouse to
generate pressure ulcers. A single IR cycle consisted of a 12-hour period
of magnet placement, followed by a release or rest period of 12 h. Animals were anesthetized for magnet placement, but not for magnet removal,
and magnets sterility was ensured by spraying them with 70% ethanol and
exposing them under UV before each application. Mice tolerated the procedure well. After anesthesia, animals were monitored for a few minutes
until they returned to normal activity. This process produced two circular
ulcers covered by necrotic tissue separated by a bridge of healthy skin.

5.2.8

Dressing application

Dressings consisting of PLA mats, PLA-SG5 mats, or commercially available Mepilex® were applied on the ulcers generated on the back of the
mice. PLA and PLA-SG5 were synthesized as explained in Section 5.2.2.
Then, mats were cut in squares of 1.7 cm x 1.7 cm and weighed to ensure
similar thickness and material content within each condition. Then, they
were UV-sterilized for 15 min on each side and kept under sterile conditions. Mepilex® was also cut in squares of 1.7 cm x 1.7 cm under sterile
conditions.
Prior to dressing application, mice were anesthetized and necrotic tissue was mechanically removed with scissors. Dressings were wettened in
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a sterile solution of sodium chloride at 0.9% (w/v) in water and placed on
each wound. The size of the dressings allowed a complete coverage of the
wounds. To maintain dressings in site, they were covered with an adhesive
plaster (Coverplast® Latex-free, BSN medical) and further secured with an
elastic gauze (Genové Dermatologics), as illustrated in Fig. 5.2 B-D.
A)
B)

C)

D)

Figure 5.2: Magnet and dressing placement on the back of mice A) The skin
of the back of diabetic mice was pinched with two magnets as shown. The wounds
created were covered with B) the experimental dressings, which were secured with
C) adhesive plasters and D) an elastic gauze.

Dressing change was performed every 24 h placing animals under anesthesia. At every change, a few drops of the saline solution were added on
the dressings covering the wound to facilitate their detachment.

5.2.9

Measurement of wound size

Right before dressing application and at every dressing change, digital
imaging of wounds was performed using a digital camera (Mavica FD91,
Sony) and the ORCA-2BT Imaging System (Hamamatsu Photonics)
provided with a C4742-98-LWG-MOD camera fitted with 512x512-pixel
charge-couple device (CCD) cooled at -80 °C. Wound size was quantified
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from images obtained with the abovementioned camera using the Wasabi
image analysis software (Hamamatsu Photonics). The area measured at
each time point was normalized to the size of the wound before dressing
application (day 0).
In addition, wound images acquired were shared with highly experienced nurses in the treatment of chronic wounds so that they could evaluate
the wound appearance.

5.2.10

Histological staining

On 3 and 8 days post-treatment, 8 animals from each group were anesthetized and sacrificed by cervical dislocation. Then, wounds were excised
with margins of 2 mm, cut in half and fixed in 10% neutral buffered formalin solution (Sigma-Aldrich) for 24 h. Samples were dehydrated in alcohol and paraffin-embedded. Sections (8 µm) performed with microtome
(RM2255, Leica) were stained against hematoxylin-eosin (H&E) and modified Masson’s trichrome for examining re-epithelialization and collagen
deposition, respectively. Prior to the staining, sections were deparaffinized
with three baths of 3 min in xylene (Sigma-Aldrich), and hydrated through
a graded ethanol series consisting of 2 baths of 20 s in 100% ethanol (Panreac), a 20 s bath in 95% ethanol, and a 3 min bath in 70% ethanol.
For the H&E staining, slides were washed in running tap water for 1
min and stained with previously filtered Harris hematoxylin modified solution (Sigma-Aldrich) for 3 min. Then, sections were washed again under
running tap water until water was clear and treated for 1 min with 0.3%
acid alcohol consisting of 0.3% HCl (37%, Sigma-Aldrich) in 70% ethanol.
Samples were rinsed for 3 min in running water, added in 0.3% ammonia
water for 1 min, and rinsed again for 3 min. Slides were submerged in
eosin (0.5%, Casa Alvarez) for 1 min, and samples were re-dehydrated
for 15 s in 95% ethanol, 30 s in 100% ethanol, 1 min in 100% and two
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consecutive baths of 5 min in xylene. Finally, samples were mounted in
xylene-based mounting medium (Eukitt, Panreac) and covered with glass
coverslips.
Masson’s trichrome (Trichrome stain kit, Sigma-Aldrich) staining was
performed following the manufacturer’s instructions by submerging the
slides with sections in the different solutions provided by the commercial
kit for the specified times. After re-dehydration, samples were mounted
as explained above. Low magnification images of the stained tissue were
acquired with an Olympus DP72 camera from an Olympus Macro Zoom
flourescence microscope MVX10 (Olympus Life Science), and for high
magnification images, a Nikon E600 microscope with an Olympus DP72
camera was used.

5.2.11

Immunohistochemistry

Deparaffinized sections were stained against CD31 and counterstained
with hematoxylin. Briefly, antigen retrieval was performed by incubating
the samples for 20 min at 95 °C in a sodium citrate buffer solution
containing 10 mM sodium citrate tribasic dihydrate (Sigma-Aldrich) with
0.05% Tween® 20 (Sigma-Aldrich) (pH 6.0). Then, samples submerged
in the citrate buffer were allowed to cool down for 30 min and were
washed three times. A circle surrounding the sections was drawn on each
slide with a Pap pen (Dako) and samples were blocked for 1 h with a
solution made with Tris-buffered saline (TBS) containing 0.0025% (v/v)
Triton ® X-100 (Sigma-Aldrich), 10% FBS and 1% (w/v) bovine serum
albumin (BSA) (Sigma-Aldrich). Afterwards, sections were placed in a
humidity chamber and incubated with rabbit polyclonal anti-CD31
antibody in a TBS-1% BSA solution (dilution 1:35, ab28364, Abcam) at 4
°C overnight. Following two washes of 5 min, samples were incubated in
3% H2 O2 (33%, Panreac) in PBS (Invitrogen) for 15 min and washed
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again three times with 10 min washes. Then, the biotinylated secondary
antibody goat anti-rabbit (ab128978, Abcam) was added and incubated
for 1 h at RT, and samples were washed again three times with 10 min
washes.
Samples were subsequently incubated with streptoavidin
peroxidase (ab128985, Abcam) for 20 min, washed three times, and
developed with DAB Chromogen (ab 64239, Abcam) for 4 min. Slides
were submerged in distilled water for 10 min and weakly counterstained
with a Harris hematoxylin modified solution diluted 1:10 in deionized
water for 40 s. Finally, sections were re-dehydrated and mounted as
reported in the previous section. All the abovementioned washes were
performed with TBS-0.0025% Triton® solution. Images of the wound site
were acquired with a a Nikon E600 microscope with an Olympus DP72
camera and vessel quantification was performed from three images of four
different wounds per condition.

5.3
5.3.1

Results
Dressing characterization

Electrospun mats of PLA fibers containing or not sol-gel produced
calcium-phosphate SG5 particles were synthesized and imaged by SEM.
Both PLA and PLA-SG5 mats presented a similar dense fiber bundle with
a fiber diameter between 0.5-1 µm (Fig. 5.3A-B). The thickness of the
mats used for this study were between 200 to 260 µm. SG5 particles were
observed embedded within the PLA fibers (Fig. 5.3B).
A gradual release of calcium was measured for the PLA-SG5 mats
when incubated in CCM, reaching its maximum after 48 h with values
between 3 and 4 mM (Fig. 5.3E). As expected, particle-free PLA fibers did
not release any calcium (Fig. 5.3E). In addition, conditioned media did not
present significant changes in pH (data not shown).
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Figure 5.3: Characterization of electrospun PLA mats with and without SG5
particles. A-B) PLA (left) and PLA-SG5 (right) mats imaged with SEM. Arrowheads mark the presence of particles embedded in the fibers. C) Cumulative
calcium release over time from 1.7 cm x 1.7 cm mats in complete culture medium
(CCM). (n = 5, mean ± standard deviation (SD)).

5.3.2

Cell viability in vitro

An indirect viability test on cells exposed to media conditioned by the release of the PLA and PLA-SG5 mats was performed to detect possible material cytotoxicity. More specifically, adult human dermal fibroblasts were
exposed to CCM conditioned for 24 h with the materials and metabolic
activity was measured from Alamar BlueTM reduction after 1 and 4 days
post-treatment. Results were compared to a control sample consisting of
cells exposed to non-conditioned media. As shown in Fig. 5.4, no alter-
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ations in metabolic activity were detected in dermal fibroblasts exposed to
material-conditioned media.

Figure 5.4: Assessment of human dermal fibroblasts viability in conditioned
media. Adult human dermal fibroblast from healthy donors were exposed to CCM
previously incubated with PLA or PLA-SG5 mats, and metabolic activity was
quantified after 1 and 4 days post-treatment. Values were normalized to the average of the control sample exposed to non-conditioned media on day 1. (n = 8,
mean ± SD).

5.3.3

Survey results

To obtain a better understanding of the way chronic wounds are treated and
what is the perception of health professionals about the products currently
available and their limitations, we decided to carry out a survey. The results
obtained in the survey are extensively commented in Appendix A.3 but, for
the sake of briefness, this section only focuses on the information relevant
for this chapter.
Although only thirteen people participated in the survey, more than a
half of them had at least 16 years of experience in the treatment of chronic
injuries. The survey pointed out that nurses are the main health professionals responsible for the treatment of chronic wounds. When choosing a
dressing, the factor that they prioritize is speed in wound closure.
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In the case of pressure ulcers, diabetes is perceived within the top three
risk factors for this type of wounds and the most common treatment they
apply is debridement. When inquired about the aspects of wound healing
that are not properly covered by current dressings, the most voted aspect
was control of tissue maceration at the wound edge, followed by stimulation of granulation tissue.

5.3.4

Wound healing performance and gross examination
of the healing process

Wound-healing efficacy of PLA-SG5 mats in the treatment of chronic
wounds was evaluated in vivo. Two pressure ulcers were created on the
back of obese and diabetic mice that allowed to compare the healing
capability of PLA-SG5 against PLA mats and Mepilex® , a commercially
available dressing frequently used in the treatment of chronic wounds.
Wound area reduction was followed daily for 8 days (Fig. 5.5A-F) and
values are shown in Fig. 5.5G. PLA-SG5 treatment presented the fastest
healing rate compared to both PLA and Mepilex® controls at every time
point analyzed. On the other hand, both controls showed a comparable
percentage of wound closure, since differences were not significant
between them (Fig. 5.5G).
Wound images were evaluated by nurses with wide experience in
chronic wound treatment and they detected a wound complication known
as slough in some wounds of all the experimental groups. Slough is a type
of necrotic tissue with a yellowish appearance made up of white blood
cells, bacteria and debris, which tends to form in chronic wounds (Brown,
2013). This dead tissue can be noticed in some wounds shown in Fig. 5.5,
specially in image G, C, H, D, I, and J. Normally, this tissue is debrided
through mechanical or chemical methods but this was not done in this
study.
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Figure 5.5: Assessment of wound healing size at different time points. A-E)
Representative images of the group treated with PLA-SG5 (left) and PLA (right)
on day 0, 3, and 8 post-treatment. F-J) Representative images of the group treated
with PLA-SG5 (left) and Mepilex® (right) on day 0, 3, and 8 post-treatment. Scale
bar = 1mm. K) Percentage of wound size relative to the initial size during the
course of the experiment. Data is expressed as the mean ± SD (n=8). *p<0.05 (vs
PLA-SG5),**p<0.01 (vs PLA-SG5),****p<0.0001 (vs PLA-SG5).

Histological analysis was performed on wounds excised on day 3 and 8
post-treatment. Sections were stained with H&E (Fig. 5.6A) and histomorphological analysis of the unepithelialized surface revealed a significant
decrease in length for the PLA-G5 treated wounds compared to Mepilex®
treated at both 3 and 8 days post application (Fig. 5.6B). On the other
hand, even though the mean value measured for PLA-SG5 on day 3 was
lower than for PLA, differences were not significant between these two
treatments.
Gross examination of Masson’s trichrome-stained sections was also
performed (Fig. 5.7). Regarding the collagen distribution, differences in
collagen structure were not detected among conditions. However, as it can
be noticed in Fig. 5.7, by day 8 the structure of both PLA and PLA-SG5
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Figure 5.6: Analysis of wound structure from sections stained with H&E.
A) Representative images of wound sections stained with H&E from day 3 and
8 post-treatment. Arrows delimit the unepithelialized surface of the wound. B)
Quantification of the unepithelialized length from each experimental condition on
day 3 and 8 post-treatment. Data is expressed as the mean ± SD of at least 5
wounds from different animals. **p<0.01 (vs PLA-SG5). ***p<0.001 (vs PLASG5).
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conditions had a better resemblance to healthy skin than the Mepilex® condition.
D3

D8

PLA

Mepilex

PLA-SG5

Healthy skin

Figure 5.7: Masson’s trichrome staining of sections Representative Masson’s
trichrome-stained sections of bisected wounds treated with PLA, Mepilex® , and
PLA-SG5, after 3 and 8 days. Cell nuclei are stained in black, muscle and cytoplasma are in red, and collgen is stained blue. Scale bar = 1mm.

5.3.5

Vessel quantification

Neovascularization is a key process for the successful healing of wounds
and, for this reason, vessel density was analyzed from sections
immunolabelled against CD31, a marker for endothelial cells
(Fig. 5.8A-D). Sections from wounds treated with PLA-SG5 for 3 days
showed significantly higher vessel density than both treatment controls
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and to healthy skin (Fig. 5.8F). On day 8 post-treatment, vessel density
from the PLA-SG5 group regressed and reached similar values to the
treatment controls (Fig. 5.8F). Wounds treated with PLA and PLA-SG5
mats presented lower vessel density than healthy skin at this final time
point analyzed (Fig. 5.8F). Significant differences in vessel density were
not detected between the PLA and Mepilex® treatments at any of the two
time points analyzed.

5.3.6

Granulation tissue assessment

H&E and CD31 stained sections were also used to analyze granulation
tissue formation at the wound bed. On the third day of treatment, PLA
and PLA-SG5 treated wounds showed increased cellularity in the wound
area compared to Mepilex® (Fig. 5.9A-C). As mentioned before, PLASG5 treated wounds also presented increased vessel density (Fig. 5.8F).
The presence of this two features indicate that PLA-SG5 treated wounds
have more granulation tissue at initial time points than the controls.

5.4

Discussion

Chronic wounds are a socioeconomic burden for first world countries and
new therapies are needed in order to accelerate their healing. Biological
based therapies have been developed over the last few years with promising results, but due to regulatory, economic and safety concerns their translation into the clinics has been very limited. Owing to the wound healing
capability recently reported by bioceramics together with their lower cost
of production and smaller safety risks, these materials arise like an interesting alternative to produce new translational off-the-shelf dressings. In
this study, we tested the healing capability of electrospun PLA mats incorporating the calcium-phosphate ormoglass particles SG5 on a pressure
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Figure 5.8: Imaging and quantification of blood vessels immunolabelled for
CD31. A-C) Representative images of the immunostaining against CD31 of the
sections of the wounds on day 3 of the PLA, Mepilex® , and PLA-SG5 condition.
D) Representative image of non-wounded skin stained against CD31. E) Control section stained without primary antibody for CD31. F) Quantification of the
number of vessels from the immunostained images. Data is represented in boxand-whisker plots in which the central line of each box is the median, the edges
of the box are the first and third quartiles, and whiskers extend to 1.5 times the
interquartile range or, if smaller, to the highest or lowest value measured. Three
images from four different wounds per condition were analyzed. **p<0.01 (vs.
PLA-SG5). ****p<0.0001 (vs. PLA-SG5).
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Figure 5.9: Analysis of granulation tissue from sections stained with H&E.
Representative images of all conditions from wound sections stained H&E from
day 3 (A-C) and 8 (D-F) post-treatment at two different magnifications showing
the granulation tissue. Scale bar = 250 µm.

ulcer model in diabetic mice. The presence of the particles stimulated a
faster wound area reduction, increased vascularization, and formation of
granulation tissue. In addition, the wound generated presented increased
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re-epithelialization and improved morphogenesis compared to a commercially available dressing frequently used in the clinics.
After generating the PLA-SG5 composite using electrospinning, its
structure and biocompatibility was evaluated. The mats were composed
by a dense network of aligned PLA fibers smaller than a micron, they were
easy to manipulate, and they presented a gradual calcium release for up
to 48 h, reaching values between 3 and 4 mM without significantly altering the pH of the media. Most of the released happened along the first
24 h. In addition, media conditioned by this material for 24 h did not alter metabolic activity of human dermal fibroblast over time when tested in
vitro.
The choice of the animal wound healing model is of great relevance
when testing a therapy because the healing response can vary significantly
depending on the type of wound and the presence of complication factors
- e.g. advanced age, obesity, diabetes, etc- (Lin et al., 2012). Studies that
have evaluated the healing capability of bioceramics have generally used
full-thickness wounds generated with scissors on healthy mice or rats (Sen
et al., 2002; Jebahi et al., 2013; Zhao et al., 2015; Li et al., 2016), which
does not model correctly the pathophysiology of chronic wounds. Only
a few studies used diabetic animals (Lin et al., 2012; Mao et al., 2014),
which present impaired wound healing capability, but, again, the type of
wound generated was an acute full-thickness injury.
In our study, the in vivo model chosen to test the healing capability of
the newly synthesized mats consisted of pressure ulcer wounds generated
in mice. Moreover, the animals used presented common comorbidities
associated with chronic wounds that complicate the healing process: advanced age, diabetes, and obesity. Both diabetes and advanced age are
acknowledged pressure ulcers risk factors (Lyder and Ayello, 2008) and
were also pointed out in our survey (Appendix A). In addition, obesity is
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a comorbidity often present in diabetic patients that can further complicate the healing process (Anderson and Hamm, 2012). Mice were aged as
much as possible considering that the life expectancy of the strain db/db
is 10 months (The Jackson Laboratory, 2017). This strain presents a point
mutation in the leptin receptor that induces severe hyperphagia, leading to
obesity and manifestation of some Type-II diabetes mellitus characteristics
(Wang et al., 2014). Although mice and human present different healing
mechanisms (Dorsett-Martin and Wysocki, 2008), this model enabled us to
test our developed dressing on a wound with a much more similar pathophysiology to human chronic wounds than previously reported models.
Low-exuding ulcerous wounds were generated after several ischemiareperfusion cycles performed with external application of magnets. As
previously reported, this process produced a full-thickness wound with
necrotic damage down to the subcutaneous tissue and decreased blood
flow to the injured area (Stadler et al., 2004). Before dressing application, wound debridement was performed, a procedure routinely carried out
in the treatment of chronic wounds of human patients, as noted by our
survey. PLA-SG5 mats were placed on one of the two wounds created
on the back of each mouse, while a dressing control was applied on the
other wound. Controls consisted of either particle-free PLA mats or a portion of Mepilex® , which is a frequently used dressing for the treatment
low-exuding chronic wounds. While the PLA control enabled us to discern the specific healing contribution of the calcium-releasing particles, the
Mepilex® control allowed to compare the efficacy of the novel treatment to
a market product.
The wound size was monitored daily for a period of 8 days, and area
quantification revealed a significant reduction in wounds treated with PLASG5 mats compared to both controls, from the first day of treatment to the
end of the study. On the other hand, the epithelial gap measured in the
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PLA-SG5 wound-treated sections only displayed differences against the
Mepilex® control. This discrepancy between wound size and unepithelialized surface can be explained due to the error originated by the diagonal
section performed on the wounds after excision. Once excised, wounds
were cut in half and, since they are not perfectly rounded, the distance from
side to side might be subjected to the spot were the cut was performed.
Thus, the measurement of the length of the epithelium’s gap might not be
a complete trustworthy measurement.
Next, we hypothesized that the accelerated healing promoted by PLASG5 could be triggered by an increase in vascularization, since bioceramics
have been reported to stimulate angiogenesis not only in vitro (Leu and
Leach, 2008; Zeng et al., 2014) but also in wound healing studies in vivo
(Lin et al., 2012; Xu et al., 2015b; Zhao et al., 2015; Zeng et al., 2015; Li
et al., 2016). Indeed, as early as 3 days post-treatment, vessel density was
significantly increased in the PLA-SG5 treated wounds compared to the
controls, and also to healthy skin. In addition, these wound also presented
increased cellularity at the wound bed. These two features seem to indicate
the presence of more granulation tissue in PLA-SG5 treated wounds. On
day 8, however, density levels for the PLA-SG5 condition decreased and
were similar to the PLA and Mepilex® controls. At this time points, cell
density in the injured site was also similar among conditions.
It is known that, in the progression of an acute wound, the density of
blood vessels generated during the proliferative phase is higher than in
uninjured skin, and, during the remodeling phase, the vascular network
returns to levels close to healthy skin (Johnson and Wilgus, 2014). However, in chronic wounds, the formation of new blood vessels is limited by
several factors, including diabetes and obesity. Despite the fact that these
comorbidites were inherent in our in vivo model, the presence of SG5 was
able to stimulate neovascularization, while the controls used were unable
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to induce such an effect. To our knowledge, this is the first study showing
stimulation of blood vessel formation by bioceramics in a pressure ulcer
wound with impaired vascularization.
Based on the findings of the in vivo study presented here, and the conclusions that we reached with the on-line survey, our dressing seems a
promising product to reach the market. The PLA-SG5 mat not only accelerated wound closure, which is the main factor prioritized by nurses when
choosing a dressing, but also stimulated granulation tissue formation, one
of the main uncovered wound aspects of current dressings.
Further analysis of the wounded skin is necessary to unravel whether
SG5 stimulates fibroblast activities as reported in our in vitro study (Chapter 3). Since tissue biopsies were not kept after the experiment, future
analysis should be performed on paraffin embedded tissue sections. Immunostaining against collagen I and III would allow to study differences
in tissue quality generated during the healing process. Antibodies against
matrix metalloproteases (MMPs) and their regulators, tissue inhibitor of
metalloproteinases (TIMPs), could also be employed to detect differences
in remodeling capability. Moreover, using specific markers for fibroblasts
and myofibroblasts, such as the recently reported TE-7 (Goodpaster et al.,
2008), might enable to detect changes in fibroblast density in the wound.
Unfortunately, due to time constraints, these analysis could not be carried
out during the course of this thesis project.

5.5

Conclusions

This study evaluated for the first time the healing capability of calciumreleasing bioceramic particles on a pressure ulcer model with impaired
vascularization. The particles, which were embedded in a dressing composed of PLA nanofibers, accelerated wound closure and granulation tis-
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sue formation, and produced a tissue structure similar to uninjured skin.
In addition, they promoted increased vascularization at initial time points,
which can be responsible for the improved healing. Further tissue characterization might provide us with more data to unravel other mechanisms
that led to improved healing. The overall performance of the newly designed mat was remarkably better than a commercially available dressing
frequently used for the treatment of low-exuding chronic wounds. Moreover, the effects stimulated by this dressing seem to be needed in clinical
settings. As both PLA and calcium-phosphate materials are currently accepted for clinical application, these novel off-the-shelf dressing has great
potential to reach the market within reasonable time.

6

6.1

Vessel maturation promoted
by a glass-ceramic/hydrogel
composite with hMSC
Introduction

This study was devoted to further explore the angiogenic properties of bioceramics, as reported in the previous chapter and by the literature (Section 2.6.2). More specifically, we designed and tested the vasculogenic
properties of a new tissue-engineered composite that aimed to provide a
sustained calcium-release overtime and to possess suitable mechanical and
biodegradable properties to be implanted in soft tissue.
As explained, during the healing process, restoration of vasculature
in the newly formed tissue must take place for its successful progression
(Section 2.2.3). When blood supply to the tissue is restricted, it becomes
ischemic and not only repair is impaired but also tissue degeneration is
enhanced (Ouriel, 2001; Nunan et al., 2014). This process leads to the
generation of chronic wounds, as described in Section 2.5.2, and also to
other high incidence disorders such as peripheral artery disease (PAD) and
myocardial infarction (Ouriel, 2001; Nunan et al., 2014).
147
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In adults, blood vessel formation occurs through three different mechanisms: arteriogenesis, angiogenesis and vasculogenesis, described in Section 2.2.3. However, since these endogenous mechanisms are generally not
enough to restore blood supply in ischemic tissues, different therapies are
being investigated. These include administration of angiogenic proteins,
delivery of cells, or use of non-biological biomaterials (Gorustovich et al.,
2010; Chung and Shum-Tim, 2012).
Protein therapy through the administration of angiogenic growth factors, either individually or as a cocktail (Chung and Shum-Tim, 2012), has
been one of the most explored strategies, including delivery of vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) (Chung
and Shum-Tim, 2012). Whereas this strategy has been successful in promoting new capillary formation, these vessels are often dysfunctional and
regress upon loss of the vasculogenic stimulus (Benjamin et al., 1999). In
addition, translation of vasculogenic proteins faces several challenges, including excessive costs of production, poor stability and short half-life of
the protein, and difficulties in delivering safe and effective doses (Formiga
et al., 2012). Protein administration in the diseased tissues through gene
therapy has improved vascularization but safety and regulatory concerns
remain in the treatment with genetic manipulations (Kalka and Baumgartner, 2008).
Cell therapy has emerged as a promising strategy to promote revascularization because cells can function as release systems of a complex
mixture of signaling factors in a controlled and sustained manner (Compagna et al., 2015). Indeed, human mesenchymal stromal cells (hMSC)
have attracted significant attention as they can promote neovascularization (Amin et al., 2010; Kuo et al., 2011). The angiogenic potential of
hMSC arises mainly from the myriad of angiogenic proteins that they release, which can stimulate endothelial cells (ECs) (Kinnaird, 2004; Gruber
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et al., 2005; Potapova et al., 2007; Duffy et al., 2009; Estrada et al., 2009;
Boomsma and Geenen, 2012; Burlacu et al., 2013; Kwon et al., 2014).
In addition, hMSC contribute to the maturation and stabilization of ECs of
newly formed vessels by acting as mural cells (Au et al., 2008; Duffy et al.,
2009). However, when administered either intravascularly (Horwitz et al.,
2002; Hou et al., 2005) or directly into the tissue (Kang et al., 2006; Wu
et al., 2007), MSC survival is very low.
To improve cell retention and function in the implanted site, biomaterials have been explored as delivery systems. Among them, hydrogels
are particularly promising because they enable cell encapsulation and their
mechanical properties can resemble native tissues (Rowley et al., 1999;
Mann et al., 2001; Weber et al., 2007; Robinson et al., 2016). Hydrogels
are cross-linked hydrophilic polymers of natural and/or synthetic sources.
The main advantage of synthetic polymers, such as polyethylene glycol
(PEG), over natural polymers is the greater control of the hydrogel’s composition and properties (Zhu and Marchant, 2011). In addition, synthetic
hydrogels can be functionalized to promote cell adhesion, migration and
scaffold degradation (Zhu and Marchant, 2011).
Interestingly, recent studies have shown that the ionic release of bioglasses and glass-ceramic materials can trigger angiogenic effects both in
vivo and in vitro, as explained in Section 2.6.2. Calcium is one of the
ions reported to stimulate the formation of vessels (Aguirre et al., 2010;
Castaño et al., 2014; Chen et al., 2015; Oliveira et al., 2016). Notably, extracellular calcium stimulates migration, tube formation, and activation of
signaling pathways of endothelial progenitor cells (EPCs) (Aguirre et al.,
2010). In addition, calcium-phosphate degradable ceramics that are silicon
and titanium-free, such as β-tricalciumphosphate, promote angiogenesis
by increasing proliferation and tube formation of human umbilical vein
endothelial cells (HUVEC) (Chen et al., 2015). The dissolution product
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of these materials consist of Ca2+ and P5+ ions and no evidence is found
in the literature of the angiogenic properties of P5+ . Moreover, composite
materials of calcium-releasing bioglasses and polymeric matrices such as
poly(lactic acid) and poly(caprolactone) promote blood vessel formation
in vivo (Castaño et al., 2014; Oliveira et al., 2016). Nevertheless, the combined vasculogenic effect of bioactive glasses/glass-ceramics with hMSC
in a hydrogel system for soft tissue applications has not been examined.
In the present study, we analyzed the vasculogenic potential of a new
composite biomaterial composed of a cell-adhesive biodegradable hydrogel containing bone marrow-derived hMSC and calcium-releasing glassceramic microparticles. In addition to assessing the vasculogenic potential
of calcium-phosphate glass-ceramic particles, we studied whether the incorporation of the particles in the hydrogel alters the mechanical properties
of the hydrogel, stimulates the release of vasculogenic factors by hMSC,
and impacts cell survival and vascularization in an in vivo model.

6.2
6.2.1

Materials and Methods
Calcium-phosphate particles synthesis and characterization

Glass-ceramic particles with composition CaO:P2O5:Na2O:TiO2 in a
44.5:44.5:3:8 molar ratio (respectively), referred to as GC8, were
prepared by controlled hydrolysis sol-gel method under an inert
atmosphere. Chemicals utilized in the sol-gel fabrication process included
phosphorous pentoxide (P2O5, 99.99+%, Sigma-Aldrich), metallic
calcium (Ca2+ , 99%, Sigma-Aldrich), metallic sodium (Na+ , 99%,
Panreac), titanium tetraisopropoxide (Ti(OCH(CH3)2)4, 97%, Alfa
Aesar), absolute ethanol (EtOH, 99.99% Sigma-Aldrich), anhydrous
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2-methoxyethanol (C3H8O2, 99.8%, Sigma-Aldrich), 2-propanol (99.7%,
Sigma-Aldrich,), hydrochloric acid (HCl, 37%, Sigma-Aldrich) and
MilliQ water.
Calcium and sodium 2-methoxyethoxides precursor solutions were
prepared by refluxing metallic calcium and sodium respectively in
anhydrous 2-methoxyethanol at 124 °C for 24 h. Phosphorus ethoxide
precursor solution was prepared by refluxing phosphorous pentoxide in
absolute ethanol at 78 °C for 24 h. Titanium alkoxides precursor solution
was prepared by diluting titanium tetraisopropoxide in absolute ethanol.
The sol-gel gel process started with the addition of the calcium, sodium
and titanium precursors in a balloon maintained under an inert and dry
atmosphere in an ice bath. After 1 h of vigorous stirring to ensure solution homogeneity, the phosphorous solution was added at a controlled rate
of 2.5 mL/h with an infusion pump. Acid catalyst with a molar ratio of
1:60:0.3:15 (Ti:H2O:HCl:2-propanol) was then added at a controlled flux
of 1.0 mL/h. This mixture was transferred into a sealed vial and aged for 18
h at room temperature (RT) and 72 h at 80 °C. Vials were then opened, and
samples were dried via heating from 80 °C to 120 °C through a slow ramp
(2 h) and treated at 120 °C for 24 h in a Nabertherm® oven (LV 9/11/P330).
The dry sample was heated to 540 °C by a slow ramp (3 °C/min) followed
by treatment at said temperature for 5 h. Finally, the resulting powder was
mashed in a planetary ball miller (PM 100, Retsch® ) and manually filtered
through a 40 µm porous filter to ensure the micro/nano-metric scale of the
final material.
Scanning electron microscope (SEM) images were obtained from uncoated GC8 particles mounted on a silicon wafer (Nova Nano SEM-230;
FEI Co.) at 20 kV, and material composition analysis was carried out on
samples coated with an ultra-thin layer of carbon on a FESEM (J-7100F,
Jeol) containing the Inca 250 energy dispersive spectroscopy (EDS) micro-
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analysis system (Oxford Instruments) at 5 kV. Zeta potential (ζ) measurements were carried out on a Zetasizer Nano ZS (Malvern Instruments) and
size measurement was performed in a LS Particle Size Analyzer through
laser diffraction (LS 13 320, Beckman Coulter). For these analyses, the
micrometric powder sample was dispersed in absolute ethanol to avoid particle dissolution and was sonicated in an ultrasonic bath (142-6044, VWR
Collection) to avoid the presence of agglomerates.

6.2.2

Preparation of the PEG-MAL hydrogel / calciumphosphate particle composite

Hydrogels were cast as previously described (Phelps et al., 2012, 2013).
Briefly, polyethylene glycol-maleimide (PEG-MAL) four-arm macromers
(20 kDa MW, Laysan Bio) were prefunctionalized with the peptide
GRGDSPC containing the cell adhesive site RGD (Aaptec) for 15 min at
37 °C. At this point, cells and/or particles were added and mixed to
disperse homogeneously. The mixture was crosslinked with the addition
of the protease degradable peptide GCRDVPMMRGGDRCG (VPM)
(Aaptec) at 1:2 molar ratio of VPM peptide to available MAL groups. The
final concentration of PEG-MAL and RGD peptide was 5% (w/v) and 1.0
mM, respectively. Hydrogels were cast on plastic paraffin film (Parafilm
M® , Bemis NA) under sterile conditions, with previously sterilized
reagents, and were incubated for 15 min at 37 °C to ensure complete
crosslinking before transferring them into media.
Sterile-filtered
Phosphate-Buffered Saline (PBS) supplemented with 20 mM HEPES with
pH adjusted to 7.4 was used as buffering solution to dissolve the reagents.
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Calcium release

Precast 30 µL hydrogels containing 1% (w/v) particles and 0.5 mg of particles without hydrogel were introduced in microtubes and incubated in
500 µL of either complete culture media (CCM) or MilliQ water with 10
mM HEPES (pH 7.4). The lid of the microtubes containing CCM was
perforated with a needle to allow gas exchange and all samples were incubated at 37 °C in a humidified atmosphere containing 5% (v/v) CO2 .
At different time points for a period of 13 days, 100 µL of media was replaced to measure pH and calcium concentration. pH was measured with a
Laquatwin pHmeter (B-712, Horiba) while calcium released in the media
was assessed using the quantitative colorimetric method 0-cresolphtalein
complexone (Sigma-Aldrich) (Cohen and Sideman, 1979). Absorbance
readings were determined at 570 nm on the Infinite M200pro microplate
reader (Tecan). Cumulative release was quantified taking into account the
calcium moles removed at each time point and values were normalized to
the total weight of particles per sample.

6.2.4

Mass swelling ratio

Hydrogels were formed as previously described and were allowed to completely swell in di-H2O for 24 h at 37 °C. Gels were removed from solution
and excess water was eliminated from the surface of hydrogels with filter
paper prior to weighing. Then, swollen hydrogels were snap-frozen in liquid N2 and lyophilized followed by dry mass measurement. Five replicates
of 30 µL were used per condition. The mass swelling ratio is reported as
the ratio of swollen mass to dry mass.
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Rheological properties

Storage (G´) and loss (G”) moduli of hydrogels were assessed by dynamic
oscillatory strain and frequency sweeps on a Discovery HR-2 rheometer
(TA Instruments) with a 8 mm diameter, flat geometry (Plate SST 8mm
Smart-Swap, TA Instruments). Since hydrogel surfaces were required to
be flat for the measurement, 25 µL hydrogels were casted in 4 mm diameter molds of polydimethylsiloxane (PDMS). Once crosslinked, hydrogels
were allowed to swell in PBS for 24 h. For the measurement, hydrogels
were loaded between the flat platen and the Peltier plate and the measuring
system was lowered until the axial force detected was 0.02 N. To determine
the viscoelastic range of the hydrogel, strain amplitude sweeps were performed at an angular frequency (ω) of 10 rad s-1. After determining that
1% was a suitable strain, oscillatory frequency sweeps were used to quantify the storage and loss moduli (ω= 0.25-10 rad s-1). Collagen hydrogels
of 3.5 mg/mL (OptiColTM Rat Type I Acid Soluble Collagen, Cell Guidance Systems) were used as an inter-experimental control. Five replicates
were used per condition.

6.2.6

Cell culture and encapsulation

Human bone marrow-derived MSC provided by the Texas A&M Health
Science Center College of Medicine Institute for Regenerative Medicine
at Scott & White (NIH Grant P40RR017447) were used without further
characterization. Following the provider’s protocol, cells were expanded
at low seeding densities (150 cells/cm2 ) in CCM composed of Minimum
Essential Medium Alpha (α-MEM) (Invitrogen) supplemented with 2 mM
L-Glut(Invitrogen), 100 U/mL penicillin/streptomycin (P/S) (Invitrogen),
and 16% Hyclone fetal bovine serum (FBS) (GE Healthcare). Cells were
maintained at 37 °C in an atmosphere of 5% CO2 and were used up to pas-
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sage 5. During expansion, media was refreshed every 3 days. After 5 or 6
days of expansion, hMSC were detached with TrypLETM Express (Thermo
Fisher Scientific), centrifuged at 300 g for 5 min and they were encapsulated as previously described at a concentration of 3.5 x 106 cells/mL
of gel, in 20 µL hydrogels. Free-floating cell-containing hydrogels were
cultured in 1 mL CCM in 24 well plates and media was replaced every 3
days.
HUVEC were kindly provided by Dr. Joëlle Amédée’s laboratory
from the University of Bordeaux. These cells were expanded at 2.5 x 103
viable cells/cm2 on fibronectin (Sigma-Aldrich) coated flasks in M199
media (Sigma-Aldrich) containing 10% FBS, 2 mM L-Glut, 100 U/mL
P/S, 1% sodium pyruvate (Invitrogen), 20 ng/mL VEGF (Peprotech), 20
ng/mL R3-IGF 1 (Sigma-Aldrich), 5 ng/mL epidermal growth factor
(Sigma-Aldrich), 5 ng/mL bfibroblast growth factor (Peprotech),
0.1 ng/mL ascorbic acid (Sigma-Aldrich) and 22 µg/mL heparin
(Sigma-Aldrich). Media was changed every two days and they were used
up to passage 5. At 80% confluence, they were carefully tripsinized with
TrypLETM Express (Thermo Fisher Scientific), centrifuged at 200 g for 7
min and used in the experiment.

6.2.7

In vitro cell survival within hydrogels

A Calcein assay was used to stain live hMSC and observe them within
hydrogels after 24 h and 72 h of cell encapsulation. To avoid particle autofluorescence in the green and red fluorescent channels Calcein Deep Red
acetate-TM (ATT Biorequest) was used following the manufacturer’s instructions. Briefly, after being washed with Dulbecco’s phosphate-buffered
saline (DPBS) (Invitrogen), cell-containing hydrogels were incubated for 1
h at 37 °C in 5% (v/v) CO2 with 1 mL of non-supplemented α-MEM containing 7.5 µM calcein reagent and 2.5 mM probenecid (Sigma-Aldrich).
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After 30 min of incubation, two drops of a solution of Hoechst 33342
(NucBlue® Live ReadyProbes® Reagent, Life Technologies) were added to
stain the nuclei of all cells. Following incubation, hydrogels were washed
with DPBS and cells were observed in media containing serum-free αMEM and 2.5 mM probenecid. Three replicates were used per condition
and a z-stack of 400 µm was acquired with a Leica TCS SP5 confocal
laser scanning microscope (Leica Micro-systems) at three random spots
per replicate. Images were processed with the ImageJ 1.51h software to
obtain z-stack projections of the outer 200 µm thick section and a more
inner section of 200 µm thick.

6.2.8

Cell number within hydrogels

Cell number was assessed at 1, 3 and 7 days of cell encapsulation through
the detection of lactate dehydrogenase (LDH) activity of the cell lysate
contained in the hydrogels. Briefly, hydrogels were washed with DPBS
Ca2+ Mg2+ (Invitrogen) and incubated at 37 °C for 1 h in Eppendorf microtubes containing 50 µL of 3 mg/mL of collagenase type II (Invitrogen)
for complete gel degradation. Thereafter, cells were lysed by adding 400
µL Mammalian Protein Extraction Reagent (M-PER) (Thermo Fisher) followed by incubation for 30 min in ice. Samples were sonicated with an ultrasonic processor (UP50H, Hielscher) in cold to ensure complete cell lysis
and centrifuged at 10,000 rpm for 10 min at 4 °C. Supernatant was used
with the LDH quantification kit (Roche) following the manufacturer’s instructions and cell concentration was calculated through a calibration curve
made with cell lysates of known cell concentration. Absorbance was read
at 490 nm with an Infinite M200 PRO multimode plate reader instrument
(Tecan). The experiment was carried out three times using triplicates per
condition.
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Chick chorioallantoic membrane model

An ex ovo chorioallantoic membrane (CAM) assay was performed as previously described (Deryugina and Quigley, 2008; Buschmann et al., 2012).
Briefly, fertilized chicken eggs (Granjas Gibert SA) were incubated for 3
days in a humidified incubator at 37 °C. The entire egg content was then
carefully transferred into a Petri dish (430167, Corning) and incubated for
another 6 days. On embryonic day E9, sterile methylcellulose disks containing or without GC8 particles were carefully placed on the CAM. For
each experimental condition, six specimens were used and 4 disks were
placed on each membrane. The disks were prepared previously to the
implantation day by drying 50 µL drops of a solution containing 1.5%
(w/v) (hydroxypropyl)methyl cellulose (Sigma-Aldrich) in MilliQ water
with or without homogeneously distributed GC8 particles on a Teflon surface (Yang and Moses, 1990). After 3 more days of incubation (E12),
embryos were humanely sacrificed by decapitation and CAM was immediately fixed with a neutral buffered 10% formalin solution (Sigma-Aldrich)
for 30 min. Finally, the membranes containing the disks were excised and
images were acquired with an Olympus MVX10 Macroscope. Angiogenesis stimulation was quantitatively measured by counting the vessels converging towards the disks using ImageJ. A minimum of 10 samples were
analyzed per condition.

6.2.10

Expression of vasculogenic proteins in vitro

CCM conditioned for 3 days by cells encapsulated in the hydrogels was
used to detect release of angiogenic proteins using a commercial array
for proteins (C-Series Human Angiogenesis Antibody Array C1, Tebu-bio)
following manufacturer’s instructions. For this assay, low serum (5%) media was used to avoid background interference of FBS proteins.
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Several commercial Enzyme-Linked ImmunoSorbent Assay (ELISA)
kits (R&D systems) were used to quantify VEGF, interleukin 6 (IL-6),
interferon-gamma (IFN-γ), transforming growth factor-beta (TGF-β)1 and
insulin-like growth factor 1 (IGF-1) in normal serum media, following
manufacturer’s instructions.
In both the array and ELISA assays, conditioned media was centrifuged
at 10,000 rpm at 4 °C for 10 min and the supernatant was stored at -80 °C
until needed. For all experiments, a blank sample was included to subtract
the protein background present in non-conditioned media.
For the array, membranes provided in the array were incubated with
the hMSC conditioned media pooled from 4 replicates and were developed
with the ClarityTM Western ECL Substrate (Bio-Rad). The chemiluminescent signal was read with a densitograph (LAS4000 Imaging System) and
the intensities of the digitalized bands were measured with ImageJ software.
ELISA absorbance was determined at 455 nm with a multimode microplate reader (Infinite M200 PRO, Tecan) setting wavelength correction
to 540 nm. The results were normalized to the cell number concentration in
the hydrogel quantified with the LDH detection kit as previously described.
Six replicates were used per condition.

6.2.11

Matrigel tube formation assay

To investigate the tubule formation activity of HUVECs under conditioned
media, the formation of capillary-like structures on a growth-factor reduced MatrigelTM matrix (Corning) was assessed. Experimental media
used in this assay contained 1:1 M199/α-MEM without added growth factors and with 5% or 16% of Hyclone FBS. For the pre-starved condition,
HUVEC were incubated for 3 h in the factor-free experimental media containing 5% FBS prior being seeded on MatrigelTM . Positive control media
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was obtained by adding 20 ng/mL VEGF in the experimental media. Matrigel was thawed at 4 °C overnight, transfered into 48-well plate (120
µL/well) with a cold tip and allowed to polymerize at 37 °C for 30 min.
During MarigelTM incubation, HUVEC were tripsinized, resuspended in
5% FBS experimental media, counted and a suspension of 3 x 106 cells/mL
was prepared. Following MatrigelTM polymerization, 280 µL/well of prewarmed experimental media was added, as well as 20 µL/well of the cell
suspension, to achieve a final cell concentration of 60,000 cells/well. After gently shaking the plate to uniformly distribute cells within the wells,
plates were introduced in the CO2 incubator and imaged after 4 h and 8 h
with the inverted phase-contrast microscope Nikon TE200 using a DP72
Olympus camera. From the triplicates used for each condition, three pictures at random sites were taken. Finally, image analysis was performed
with the "Angiogenesis Analyzer" plugin developed by Gilles Carpentier
for the open-source software Image J.

6.2.12

Immunostaining of in vitro cultured hMSC in hydrogels

hMSC incubated in the hydrogels for 7 days were immunostained against
CD31. Briefly, cells were encapsulated as explained before and cultured
in CCM for 7 days, changing media every 3 days. Then, hydrogels were
washed with PBS and cells were fixed with 4% paraformaldehyde solution
(EM grade, Electron Microscopy Sciences) for 20 min and permeabilized
in 0.1% Triton® X-100 (Sigma-Aldrich) for 20 min. Afterwards, cells were
washed again with PBS, blocked with 3% bovine serum albumin (BSA)
(Sigma-Aldrich) in PBS for 1 h and incubated overnight at 4 °C with antiCD31 antibody (1:20 dilution, ab28364, Abcam). The secondary antibody
anti-rabbit CF 647 (1:800 dilution, SAB4600184, Sigma-Aldrich) was incubated for 1 h at RT, followed by 1 h incubation of green phalloidin to
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stain F-actin (1:200 dilution, Cytoskeleton) and 15 min of 4’,6-diamidino2-phenylindole, dilactate (DAPI) (1:200, Molecular Probes) to stain nuclei.
For the control of cells seeded in 2D, hMSC were seeded on sterile 15
mm coverslips in 24-well plates in CCM. The staining procedure was the
same as for cells in hydrogels, except for the incubation times, which were
increased in the conditions with hydrogel to allow a proper diffusion of the
compounds within the hydrogels. Samples with cells seeded on coverslips
were fixed for 10 min and permeabilized for 5 min. Green phalloidin and
DAPI were incubated for 30 min and 5 min, respectively. Finally, coverslips were mounted on mowiol 40-88 (Sigma-Aldrich) and allowed to dry
protected from light.
Stained samples were imaged under a SP5 spectral confocal microscope (Leica) using the 405 nm diode laser, Argon lasers, and the 633 nm
HeNe laser. For the hydrogel samples, images were acquired in z-stack at
random spots. More specifically, a stack of 15 images separated by 3 µm
was acquired per site and projected with Image J.

6.2.13

hMSC transduction with luciferase lentivirus

hMSC were cultured up to 60-70% confluence and they were
transduced with lentivirus encoding for luciferase/tdtomato
(pLenti-UbC-RFLuc-tdtomato, Targeting Systems, MOI 5-20) in
complete media containing 100 µg/mL protamine sulfate [45]. 24 hours
after initial infection, media was replaced with fresh complete media. Six
days after initial infection, transduction efficiency was measured by
tdtomato expression by flow cytometry.
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Implantation into mice and cell tracking

All animal experiments were performed with the approval of the Georgia
Tech Animal Care and Use Committee (IACUC) under the supervision of
a research veterinarian and within the guidelines of the Guide for the Care
and Use of Laboratory Animals. Precast hydrogels containing luciferaseexpressing hMSC were implanted in the epidydimal fat pad (EFP) of 812 week old immunocompromised B6.129S7-Rag1tm1Mom/J male mice
(Jackson Laboratory). Three conditions were examined: hydrogels without particles, hydrogels with 0.5% (w/v) GC8 particles and a positive control hydrogel containing 10 µg/mL VEGF. Six animals were used per
condition. Animals were anesthetized in a chamber with 5% isoflurane
and maintained at 2% isoflurane during surgery. A midline incision in
the abdominal wall was performed, and each EFP was exposed on sterile
gauze pre-wet with sterile saline for hydrogel implantation. One hydrogel
(30 µL) was implanted in each EFP by wrapping the EFP tissue around
it. To ensure hydrogel retention in site, a small suture of non-degradable
thread (Ethicon) was applied to the proximal site of the tissue. The interior abdominal layer was closed with degradable suture while the exterior
layer was sealed with wound clips. During surgical preparation, one dose
of sustained-release buprenorphine (1 mg/kg) was administered intraperitoneally (IP) during surgical preparation to provide 72 continuous hours of
pain relief.
At selected time points following implantation (0, 2, 4, 7, 13 days),
anesthetized mice were IP injected with 150 mg/kg body weight of beetle
luciferin (Promega) diluted in PBS and bioluminescence was acquired 15
min post-injection on an IVIS SpectrumCT imaging system. The signal
detected was quantified by gating a region of interest (ROI) around the
periphery of the implant and subtracting the average background counts
in the surrounding tissue from the average total counts in the implant, as
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background intensity varied between animals. The final averaged count
was normalized by the signal on day 0 of each animal.

6.2.15

Vessel labeling and quantification

Prior to euthanasia, animals were injected intravenously with Dylight 488labeled tomato lectin (Vector Laboratories) to label functional vasculature
(Phelps et al., 2013). After lectin was allowed to circulate for 15 min, animals were humanely euthanized with carbon dioxide and were perfused
intracardially with 10 mL of saline through a 23-gauge cannula inserted
into the left atrium. Blood and saline exited through the cut vena cava.
EFPs were removed and fixed in 10% buffered formalin for 24 h at RT.
Z-stack images were acquired of the fluorescent vasculature with a Nikon
C2-Confocal Module connected to a Nikon Eclipse Ti inverted microscope
with a 488 nm laser (Melles-Griot) and 525/50 filter. Images were processed with ImageJ for vasculature quantification. From each image, three
different sites were analyzed and at least six fat pads of each condition
were used for the quantification.

6.2.16

Immunostaining of histological sections

For immunostaining analyses, fixed EFPs were dehydrated, embedded in
paraffin and cut into 8-µm thick sections. These sections were deparaffinized in xylene and ethanol, subjected to antigen retrieval by heating the
samples at 95 °C for 20 min in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) and permeabilized with 0.1% Triton X-100
(Sigma-Aldrich) in Tris-buffered saline (TBS) for 30 min. After blocking
the tissue samples with 1% BSA and 0.025% Triton X-100 for 2 h, sections were stained with primary antibodies against alpha-smooth muscle
actin (α-SMA) (dilution 1:500), A5228,Sigma-Aldrich) at 4 °C overnight.
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Sections were then incubated with biotinylated secondary antibody goat
anti-mouse (dilution 1:500, ab64255, Abcam) for 1 h at RT. Following a
10 min incubation of streptavidin-peroxidase (Abcam), samples were exposed to DAB solution (Abcam) for 3 min and rinsed thoroughly with water. Specimens were counterstained with a 1/10 hematoxylin dilution for
1 min and mounted for imaging with a Nikon Eclipse E600 microscope
(Nikon Instruments Inc.). The tissue area surrounding the hydrogel was
used to quantify positively stained vessels, lumen area and thickness of
vessels. Sections of five different fat pads of each condition were analyzed.

6.2.17

Statistics

Data are expressed as mean ± standard deviation (SD). Statistical analyses were performed using one-way ANOVA with Tukey’s test for post hoc
comparisons using GraphPad Prism software. A p-value of 0.05 was considered significant.

6.3
6.3.1

Results
GC8 particle characterization

GC8 particles were synthesized and characterized. SEM images showed
high polydispersion of particle size (Fig. 6.1A) confirmed by size quantification through laser diffraction (Fig. 6.1C). Although average particle
size was ∼9 µm (Fig. 6.1C), SEM images showed that micrometric GC8
particles were structured in subunits of approximately 200 nm (Fig. 6.1B).
Nanoparticle sintering might have occurred during the thermal treatment
applied in the synthesis process. Atomic composition analysis by EDS
showed that the GC8 particles had equivalent composition as the theorical
value (Fig. 6.1D), an indication that the particle composition is properly
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controlled in the synthesis. Finally, Z-potential analysis indicated a value
of -15.75 mV (Fig. 6.1D). This low value might indicate the tendency of
the particles to agglomerate.
Since extracellular calcium can stimulate biological responses on cells,
calcium released from the particles was measured in two different solutions
(Fig. 6.1B). Calcium release was sustained for 13 days in both media, although release in CCM was significantly lower than in buffered MilliQ
water. In addition, pH was measured from the samples and no changes
were detected compared to the media without particles (data not shown).
Thus, GC8 degradation does not contribute to changes in pH in the media.

6.3.2

Calcium release and mechanical properties of hydrogels with GC8

GC8 particles were embedded within PEG-MAL hydrogels as explained
in Fig. 6.2A. The PEG-MAL hydrogel has been used in previous studies (Phelps et al., 2012; Salimath et al., 2012; Phelps et al., 2013) and
contains the cell adhesive peptide RGD and the protease-degradable VPM
crossliker, which serves as substrate of many proteases including matrix
matrix metalloprotease (MMP)2 and MMP9. Gel crosslinking occurred
in less than 10 min, allowing for uniform particle distribution within the
hydrogel.
Calcium release from GC8 encapusalted in PEG-MAL hydrogels was
quantified as before, and release was again higher in MilliQ water compared to CCM (Fig. 6.2B). In addition, calcium release was also higher
for GC8 particles embedded in the hydrogels compared to free particles
(Fig. 6.2B).
We next measured the equilibrium mass swelling ratio and viscoelastic
properties of hydrogels without particles or with 0.5% or 1% (w/v) GC8
content. Fig. 6.2C shows that the equilibrium mass swelling ratio is sig-
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Figure 6.1: GC8 particles characterization. A) GC8 imaged with SEM, B)
magnified image of GC8, in which nanoparticle sintering can be observed. C)
Distribution of particle size measured with laser diffraction. D) Table showing
atomic composition of GC8 measured with EDS and z-potential value.

nificantly higher in empty hydrogels than in hydrogels with particles, indicating that the particles decrease the hydrogel capacity to absorb water.
The viscoelastic properties of the hydrogel were modified in the presence
of 1% (w/v) GC8 particles but there were no differences between the 0.5%
GC8 formulation and the control (Fig. 6.2D). The storage modulus for the
1% GC8 formulation was approximately 50% lower than that for empty
gels.
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Figure 6.2: Synthesis and characetrization PEG-MAL hydrogels containing
GC8 particles. A) 4-arm PEG-MAL macromer is functionalized with the cell
adhesive peptide RGD. Cells and GC8 particles are added and the hydrogel is
crosslinked via reaction with VPM peptide. B) Cumulative calcium release in two
different solutions (buffered MilliQ water or CCM) for free GC8 or GC8 particles
encapsulated in hydrogels. C) Effect of GC8 particle concentration (w/v) on the
equilibrium swelling ratio. D) Storage (G’) or loss (G”) moduli for PEG-MAL
hydrogels with or without different GC8 concentrations. A crosslinked type I
collagen hydrogel is shown for reference.*p<0.05.

6.3.3

hMSC survival and growth within PEG-MAL hydrogels in vitro

hMSC survival and morphology within the hydrogels was studied by calcein staining of live cells on day 1 and 3 post-encapsulation (Fig. 6.3A). A
far red calcein molecule was used to avoid GC8 autofluorescence in the red
and green channel. Cell nuclei were stained in blue with Hoechst® 33342.
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Cell behavior was similar for all the conditions tested, with hMSC forming
networks and showing high viability and spreading in the outer zones (∼
200 µm), but lower survival and spreading in the interior of the gel. On day
1, hMSC showed a spread morphology and on day 3 most of the cells were
organized in a complex network structure. In general, calcein signal was
much lower in the interior. However, nuclei distribution changed from a
homogeneous dispersion on day 1 to a more clustered organization on day
3, which implies that cell reorganization is also taking place in the interior
of the hydrogel.
Cell number within the hydrogels was determined on day 1, 3 and 7
(Fig. 6.3B). The initial cell number seeded per hydrogel was 80,000 cells,
and 24 h after encapsulation cell survival was 80-100% for all conditions
tested. Cell number remained constant throughout the 7 days in culture,
except for the 1% GC8 formulation for which cell number decreased significantly by day 7.

6.3.4

Proangiogenic effect of GC8 particles on CAM
model

The proangiogenic effect of GC8 particles was tested on the CAM model.
This extra-embryonic vascularized membrane that facilitates gas exchange
during chick embryogenesis is a widely used system to test the pro- and antiangiogenic properties of substances and materials (Baiguera et al., 2012),
including bioglasses (Handel et al., 2013; Haro Durand et al., 2015). The
experiment was performed ex ovo to avoid possible interferences of calcium from the egg shell and to test more replicates per embryo. Methylcellulose disks were used as support materials for the particles in the assay
as previously reported (Yang and Moses, 1990; Ribatti et al., 1995; Struman et al., 1999; Hagedorn et al., 2004; Das et al., 2012). Disks were
placed on the CAM on E9 (Fig. 6.4A) and fixed, excised and imaged on
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Figure 6.3: In vitro hMSC viability and spreading within hydrogels. A) Fluorescent image stacks of 200 µm of the outer and inner part of the hydrogels
showing staining of the cytoplasm of live cells with calcein (green) and cell nuclei with Hoechst (blue) on day 1 and 3 after cell encapsulation. Scale bar: 100
µm. B) Quantification of cell number within the hydrogels on day 1, 3 and 7
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*p<0.05.
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E12 (Fig. 6.4B). Analysis of angiogenic stimulation found increased vascularization in the conditions with GC8 (Fig. 6.4C). No differences were
detected between 0.5% and 1% GC8 content. This result suggests that the
GC8 particles can stimulate angiogenesis in an in vivo context.
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Figure 6.4: Angiogenic effects of the GC8 particles on the CAM of chick
embryos. A) Methyl cellulose disks containing GC8 particles were applied on the
CAM on E9. B) Representatives images of the disks on the CAM after fixation
and excision on E12. Scale bar 2 mm. C) Quantification of the number of vessels
converging towards the material normalized by the perimeter of the area selected
performed through image processing. A minimum of 10 samples were used per
condition and data is expressed as mean ± S.D. *p<0.05 (vs. control). **p<0.01
(vs. control).

6.3.5

Release of angiogenic factors by hMSC encapsulated in GC8-containing hydrogels

We examined whether the presence of GC8 particles within the hydrogels
stimulates encapsulated hMSC to release angiogenic factors. Because we
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did not see any effects in the CAM assay between 0.5% and 1% GC8 particles and there are no differences in viscoelastic properties between 0.5%
GC8 and empty gels, we compared 0.5% GC8-containing gels to empty
hydrogels. A protein array was performed to screen for differences in expressed proteins (Fig. 6.5A) from which we selected VEGF, IL-6, IFN-γ,
TGF-β1 and IGF-1 to be quantitatively evaluated by ELISA. As shown in
Fig. 6.5B, hMSC released VEGF, IL-6, TGF-β1 and IGF-1, but IFN-γ was
not detected in any of the conditions. Furthermore, a significant increase
in IGF-1 secretion was detected in the hydrogels containing GC8 particles
compared to empty hydrogels.

6.3.6

Optimization of the tube formation assay

To asses the angiogenic capacity of media conditioned by hMSC encapsulated in the hydrogels, the tube formation assay was considered. Before testing this media, the assay was performed with different conditions
to find the optimal experimental conditions. Media used contained either
5% or 16% FBS without additional growth factors, except for the positive
control conditions, in which 20 ng/mL VEGF was added (Bussolati et al.,
2001; Hwang et al., 2016). In some groups, HUVEC were pre-starved
by incubating them for 3 h in 5% FBS experimental media to adapt them
to low-factor media and make them more responsive to media with angiogenic factors. Starving HUVEC overnight or for longer periods highly
decreased cell viability (data not shown). By using these conditions, we
wanted to ensure that significant differences would be obtained between
media without and with additional angiogenic factor added.
Images were acquired at 4 (Fig. 6.6A-D) and 8 h (Fig. 6.6E-H), and
different parameters were quantified, including number of junctions, number of loops, number of branches, total length of network, and loop mean
size. As Fig. 6.6I shows, there were not statistical differences for the dif-
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Figure 6.5: Synthesis of angiogenic proteins by hMSC embedded in the hydrogels. A) Protein array of angiogenic proteins. Cell media (5% FBS) incubated
for 3 days with the hydrogels containing hMSC was used on a protein array to
detect differences in secretion of angiogenic proteins. Values of each protein were
normalized to the value measured for the control. Abbreviations of the proteins
analyzed are defined in Appendix B.2. B) ELISA quantification of angiogenic factors VEGF, IL-6, TGF-β1 and IGF-1 secreted by hMSC in PEG-MAL hydrogels
without particles or with 0.5% (w/v) GC8 particles. Blank values were subtracted
and concentrations were normalized to the total number of cells contained in the
hydrogel. Data represent the mean of six replicates ± S.D. ***p<0.001.
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ferent parameters analyzed between any of the conditions tested and their
respective positive control. Since media with lower FBS concentrations
than the ones tested greatly decrease hMSC viability when cultured for
three days (data not shown), this assay could not be performed with the
hMSC-conditioned media.

6.3.7

hMSC differentiation into endothelial cells

By day three after encapsulation, hMSC presented capillary-like
morphology stable over time in both the hydrogel without particles or
with 0.5%-GC8 (Fig. 6.7A-B). Observation of the rapid network that
hMSC formed once encapsulated in the hydrogels together with the
detection of a stable cell number overtime prompted us to analyze whether
these cells might be differentiating towards endothelial cells. Because
CD31 is a marker for endothelial cells, cells were stained for CD31 after 7
days post-encapsulation. As shown in Fig. 6.7G-J, both hydrogels with or
without 0.5%-GC8 were positively stained for CD31. However, control
cells seeded on glass were also positive for CD31 (Fig. 6.7C), meaning
that the pre-encapsulated hMSC already expressed CD31.

6.3.8

Enhanced hMSC survival in GC8-hydrogels
implanted in the EFP

The vasculogenic properties of the PEG-MAL-GC8 system containing
hMSC were next tested following implantation in the EFP of
immunocompromised mice, in which hydrogels containing 0.5% GC8
particles were compared to empty hydrogels and hydrogel delivering
VEGF. Avoiding or decreasing cell death associated with in vivo
implantation is a major issue in tissue engineering (Koç and Gerson,
2003). To track cell survival post-transplantation, hMSC were transduced
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Figure 6.6: Optimization of the tube formation assay. HUVEC were seeded on
matrigel either pre-starved for 3 h in 5% FBS media or without starving. Media
used during the assay had 5% or 16% FBS, and for positive controls (+) 20 ng/mL
VEGF was added. Images were acquired after 4 h (A-D) and 8 h (E-H). A) 5%
FBS media at 4 h; B) 5% FBS media, positive control, at 4 h; C) 16% FBS media
at 4 h; D)16% FBS media, positive control, at 4 h; E) 5% FBS media at 8 h;
F) 5% FBS media, positive control, at 8 h; G) 16% FBS media at 8 h; H) 16%
FBS media, positive control, at 8 h. I) Images were processed to analyze number
of junctions, number of loops, number of branches, total length of branches and
mean size of loops. Each group was seeded in triplicates and three random images
were taken per well. Data shows mean ± SD from images acquired per condition.
Scale bar: 500 µm.
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Figure 6.7: Expression of CD31 by hMSC cultured in the hydrogels. A-B)
Bright field images showing networks formed by hMSC on day 3 in the A) hydrogel without particles and B) 0.5%-GC8 hydrogel. C-J) Immunostaining of hMSC
cultured for 7 days in vitro, stained for CD31 in red, F-actin in green, and nuclei
in blue. C-D) Control seeded on glass; E-F) Control without primary antibody
seeded on glass; G-H) Hydrogel without particles; I-J) Hydrogel with 0.5%-GC8.
Scale bar: 200 µm.

to constitutively express luciferase and transplanted cells were
monitored longitudinally by bioluminescence imaging (Fig. 6.8A-B).
Bioluminescence signal decreased over time to background levels for all
groups. However, higher signal was detected for hMSC implanted in
hydrogels containing GC8 particles compared to hMSC in control
hydrogels (Fig. 6.8B). This result indicates that GC8-containing hydrogel
supported enhanced hMSC survival at early time points compared to
control gels.
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Figure 6.8: In vivo survival tracking of transplanted hMSC. A) Representative images from IVIS scanning of the bioluminescence signal of hMSC in the
hydrogels implanted in the EFP after luciferin injection on day 0, 2 and 7 postimplantation. The conditions used included a control without particles, a hydrogel
with 0.5% (w/v) content and a positive control containing 10 µg/mL VEGF. B) Bioluminescence signal was determined by quantifying the average counts per unit
area within a ROI and values were normalizing to day 0. The plot shows the mean
of the six animals used for each condition at every time point (dot). The error
bars are the S.D. Lines are sigmoid curves fitted to all the samples per condition.
***p<0.001 (vs. control and VEGF). *p<0.05 (vs. control).
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Analysis of vascularization at the implantation site

We evaulated vascularization in the implant site at 2 weeks
post-implantation. Prior to euthanasia, functional vasculature in the mice
was labeled by an intravenous injection of fluorescent lectin. Microscopic
imaging of the excised fat pads (Fig. 6.9A) made possible the
quantification of branch and junction density, average branch length and
vessel diameter (Fig. 6.9B-E). Significant differences were detected only
in vessel diameter, suggesting the development of a more mature
vasculature in the EFP with the GC8 hydrogel compared to the empty
hydrogel control (Fig. 6.9E).
Sections of the tissue were immunostained for α-SMA and positively
stained vessels surrounding the area of implantation of the hydrogel were
counted (Fig. 6.10A). Hydrogels delivering VEGF and hydrogels containing GC8 particles showed significantly higher vessel density and thicker
wall vessels than the control empty hydrogel (Fig. 6.10B). In addition, the
condition with 0.5% GC8 contained a greater number of vessels with bigger lumen area (Fig. 6.10C) and significantly thicker wall vessels than the
VEGF condition (Fig. 6.10D). Taken together, these results indicate the
presence of a denser and more mature vasculature for GC8-containing hydrogels with hMSC compared to control hydrogels containing hMSC.

6.4

Discussion

Cell therapy using hMSC for the treatment of pathologies with poor vascularization has received considerable interest, as demonstrated by recent
clinical trials (Lu et al., 2011; Powell et al., 2012; Hare et al., 2013; Gupta
et al., 2013). However, several issues need to be improved to achieve clinical success, such as sustained cell survival that allows a controlled and
sustained release of signaling factors in the implanted site (Shen et al.,
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2012) and stabilization of the newly formed vessels (Carmeliet and Conway, 2001). Regarding their angiogenic properties, the use of bioglasses
and glass-ceramics for soft tissue regeneration has also been suggested recently (Gorustovich et al., 2010; Rahaman et al., 2011; Ivanova et al., 2014;
Miguez-pacheco et al., 2015), but further research needs to be performed
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to show their angiogenic effects in vivo and on hMSC. In this study, we explored the vasculogenic potential of calcium-releasing glass-ceramic particles and their combination in a degradable hydrogel containing hMSC
for soft tissue regeneration. The particles alone fostered angiogenesis in
the CAM model, showing enhanced angiogenesis at the site of implantation. When particles were encapsulated in the hydrogel containing hMSC,
cell number remained stable in vitro, and improved survival was observed
for acute time points in vivo when compared to empty hydrogels. In addition, the calcium-releasing particles increased hMSC secretion of IGF1, an important vasculogenic factor. Finally, hydrogels containing GC8
particles and hMSC stimulated increased and more mature vascularization
compared to hydrogels containing hMSC.
Many studies have attributed the angiogenic potential of bioglasses and
glass-ceramics to the bioactive ions they liberate (Keshaw et al., 2005;
Gorustovich et al., 2008; Vargas et al., 2009), but normally fail in reporting
their release profile over time. The ion degradation profile of a material
with the same atomic composition as the GC8 particles was described in a
previous report from our group (Navarro et al., 2003). This study showed
that, in contact with aqueous solutions, the material degrades slowly releasing Ca2+ , P5+ , Na+ , and Ti4+ ions. Ca2+ and P5+ are released in similar
fashion and levels (mM range), and Na+ is released in the sub-mM range.
In addition, Ti4+ is the ion released slower and in lower concentration,
within the µM range.
Here, we measured the release of Ca2+ because previous studies support a major role for calcium as the main stimulating agent in our material
(Aguirre et al., 2010; Vila et al., 2013; Castaño et al., 2014; Chen et al.,
2015; Oliveira et al., 2016, 2017). While no evidence is found in the literature of the angiogenic potential of P5+ , Na+ , and Ti4+ ions, reports
attributing these properties to titanium-containing surfaces exist (Saghiri

180

Vasculogenic properties of a glass-ceramic/hydrogel

et al., 2016). Nevertheless, because the concentration of particles incorporated in the hydrogels used for the biological studies is relatively low (0.5%
w/v), the surface of particles available for the attachment of the encapsulated cells is also small. Therefore, we posit that the biologic stimulation
that we observe arises mainly from the calcium ions released, not by the
contact with titanium-containing surfaces.
Since the type of media can influence degradation rate of
bioglasses/glass-ceramics, we used CCM and buffered MilliQ water
(Theodorou et al., 2011; Miller et al., 2012; Rohanová et al., 2014).
Despite achieving a sustained release for several days, calcium release
was slower in CCM. This slower release could be explained by Le
Chatelier’s principle, owing to the different calcium concentrations
between both solutions. Alternatively or simultaneously, the differences
in release could have been caused by the organic content of CCM, which
has been reported to interfere in the degradation of bioglasses (Theodorou
et al., 2011).
These differences in calcium release highlight the
importance in the selection of media to study bioglass/glass-ceramic
degradation.
The glass-ceramic particles used in this study stimulated angiogenesis
in the CAM model, and we attribute this effect to calcium released from
the particles. Extracellular calcium concentrations of 10 mM were reported
to stimulate migration and tube formation of EFPs (Aguirre et al., 2010).
Although our material did not reach this concentration in bulk solution,
it is possible that the concentration sensed locally by the cells is higher
than the one measured. Other studies have shown that the ionic release of
calcium-phosphate ceramics can stimulate the release of angiogenic factors
from fibroblasts (Chen et al., 2015), HUVEC (Chen et al., 2015), and EFPs
(Aguirre et al., 2012) in vitro, so we speculate that the observed angiogenic
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effect in the CAM model might have been stimulated by the release of
angiogenic factors from the cells present in the membrane.
Addition of glass-ceramic particles in hydrogels alters several physical
properties that can modify the biological performance of the material. The
degradation profile of the particles, as illustrated by the measurement of the
calcium release, was improved by increasing the release rate and becoming
more sustained, specially in CCM. We posit that particle degradation is
faster within hydrogels as these are separated from each other whereas
free particles aggregate likely influencing local release rates. Both particle
concentrations tested reduced the swelling capacity of the hydrogel. Also,
the condition with higher particle concentration tested (1%) reduced the
storage modulus of the material. We attribute the reductions in swelling
capacity and storage modulus to the high content of micrometric particles
in this hydrogel that disrupts the hydrogel network reducing the ability of
the hydrogel to absorb water and support a load.
Incorporation of GC8 particles within hydrogels also increased the secretion of vasculogenic factors by encapsulated hMSC, supporting the conception that the degradation product of these biomaterials can stimulate
cells to release factors (Leu and Leach, 2008; Chen et al., 2015). More
specifically, increased levels of IGF-1 were detected in media conditioned
by hMSC encapsulated in hydrogels with glass-ceramic particles compared
to media from hMSC encapsulated in control gels. IGF-1 stimulates angiogenesis in vitro and in vivo (Su et al., 2003; Dobrucki et al., 2010; Jacobo
and Kazlauskas, 2015). Su et al. (2003) showed induced ECs migration
and capillary formation in an aorta ring assay, and Jacobo and Kazlauskas
(2015) recently demonstrated a role of this factor in stabilizing neovessels. In addition, sustained IGF-1 expression through gene delivery improved cardiac function in a myocardial infarction model (Dobrucki et al.,
2010). Extracellular calcium had been shown to increase IGF-1 expression
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in other cell types, such as EFPs and osteoblasts (Sugimoto et al., 1994;
Aguirre et al., 2010), contributing to EPCs maturation (Aguirre et al., 2010,
2012). Although it is possible that the control and 0.5% GC8 gels present
some structural differences that could affect cell behavior, the CAM assay
indicates that the particles per se trigger a biological response. Therefore,
we posit that it is the effect of the calcium released by the particles, and
not the structural properties of the hydrogel, the main factor responsible of
stimulating the cellular response.
To provide more evidence of the angiogenic potential of the factors
released by encapsulated hMSC with GC8, we wanted to use the conditioned media in the tube formation assay. However, while optimizing the
assay, we found that non-conditioned media containing as few as 5% FBS
stimulated capillary-like formation as the positive control. Other studies
performing the tube formation assay seem to use FBS at a concentration of
1% or less (Gruber et al., 2005; Ko and Lung, 2012; Hwang et al., 2016;
McQuilling et al., 2017). Considering that hMSC survival in media with
less than 5% for three days was impaired, this assay was discarded.
On the other hand, based on the observation of the capillary-like structures that hMSC were forming within the hydrogels, we explored the possibility that these cells might be differentiating towards endothelial cells,
as reported by other studies (Oswald et al., 2004; Janeczek Portalska et al.,
2012; Wang et al., 2012). More specifically, we analyzed the expression
of the endothelial cell surface marker CD31 by immunostaining. To our
surprise, embedded hMSC were strongly stained by CD31. Nevertheless, hMSC seeded on glass also presented CD31, meaning that the starting population already expressed CD31, although the signal was weaker
than for cells embedded in the hydrogels. Even though hMSC are not normally reported as CD31 positive cells, it had been shown elsewhere (Sheng
et al., 2016). Expression of CD31 should have been confirmed with flow-

Discussion

183

cytometry, and real-time quantitative PCR could have been used to determine differences in expression. However, the capability of hMSC to differentiate towards bona fide endothelial cells is a controversial topic within
the scientific community. In vitro, not only upregulation of markers such as
CD31, CD34, VEGF receptors (VEGF-R1, VEGF-R2) and vonWillebrand
factor must be shown, but also functional test such as tube formation and
uptake of acetylated-low density lipoproteins should be performed (Pacini
and Petrini, 2014). In addition, differentiation should be proven in vivo by
showing their involvement in blood vessels formation, but considering the
role of hMSC as pericyte cells it is difficult to determine. Unfortunately,
due to time constrictions, we could not further explore the differentiation
of the embedded hMSC towards an endothelial linage.
Cell survival within the hydrogel is of great relevance for their application into clinics. We used hMSC expressing luciferase to track cell survival
following cell transplantation within different hydrogel formulations in the
murine EFP. Bioluminescence signal decreased over time to background
levels for all groups. However, higher signal was detected for hMSC implanted in hydrogels containing GC8 particles compared to hMSC in control hydrogels. This result indicates that GC8-containing hydrogel supported enhanced hMSC survival at early time points compared to control
gels.
We evaluated the effect of GC8 glass-ceramic particles on vascularization using two models: an ex ovo CAM assay and an in vivo study in
the murine EFP. Both models agreed in finding increased vascularization
in hydrogels containing glass-ceramic particles compared to control gels.
In addition, the murine EFP where hMSC-containing hydrogels were implanted showed enhanced vessel maturation in hydrogels containing the
particles compared to empty and VEGF-releasing hydrogels. Other studies had reported angiogenic properties for bioglasses and glass-ceramics
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(Day et al., 2004; Castaño et al., 2014; Chen et al., 2015; Oliveira et al.,
2016), but to our knowledge, this is the first report demonstrating that these
materials stimulate functional vasculature in mammalian soft tissues. In
the EFP model, the number of vessels present around the implanted material containing particles was lower than for the positive control releasing VEGF. This angiogenic factor has been widely reported to stimulate
increase in vessel number, but it is also known that vessel regression may
occur upon loss of the vasculogenic stimuli (Benjamin et al., 1999). Therefore, since both increased vessel number and maturation are detected for
the condition with particles, the results obtained for this material have an
enhanced effect compared to the positive control containing VEGF at early
time points.
Due to the complexity of the signaling pathways involved in the formation of stable vasculature, it is challenging to hypothesize what specific
factor(s) might have promoted these effects. Increased release of IGF-1, as
observed in our in vitro study, could have contributed to vessel stabilization (Jacobo and Kazlauskas, 2015). In addition, because cell survival is
improved in the condition with particles, the release of other factors associated with vessel stabilization, such as TGF-β (Murakami, 2012), might
have been higher than for the other conditions tested. Another possibility is
that implanted hMSC may have contributed as mural cells (Au et al., 2008).
Nevertheless, the contributing role of the glass-ceramic particles should be
further studied in order to unravel the specific pathway by which they can
stimulate vessel maturation. Overall, the material here presented made by
the combination of a functionalized degradable PEG hydrogel, hMSC and
calcium-phospate glass-ceramic microparticles shows high vasculogenic
potential in an in vivo context, as it permitted a more sustained cellular
survival and stimulated increased vessel formation and maturation in the
tissue.
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Conclusions

Novel strategies are needed to improve vascularization of ischemic tissues
with cell therapy, especially regarding cell survival and vessel stabilization.
Here, we present a composite construct consisting of hMSC and calciumreleasing microparticles within a functionalized synthetic hydrogel system
that enhances blood vessel formation and maturation in vivo. The presence
of the glass-ceramic particles seems to stimulate these effects by improving
implanted cell survival and angiogenic factor release. This study provides
further evidence on the vasculogenic effect of bioglasses/glass-ceramics
observed in hard tissue and sheds light into the potential use of these materials in the improvement of cell therapy for soft tissue regeneration and
vessel stabilization.

7

Conclusions and future
perspectives

This thesis project was devoted to gaining insight into the application of
bioceramics in soft tissue repair, particularly chronic wounds. More specifically, we focused on the role of calcium and evaluated the capability of
calcium-releasing bioceramics to accelerate healing of skin ulcers and to
stimulate the formation of new blood vessels. Below, the main conclusions reached throughout the different chapters included in this thesis are
summarized:

Chapter 3: Effects of extracellular calcium and calcium-phosphate
bioglass on dermal fibroblast
• Extracellular calcium, in the range of 2.5 and 3.5 mM, affects the
biological behavior of rat dermal fibroblasts. More specifically, calcium stimulates metabolic activity, MMP9 and MMP2 synthesis and
activation respectively, collagen synthesis, and expression of myriad genes involved in wound healing. In addition, it decreases the
contraction capacity of fibroblasts.
• Both cell migration and contraction capacity are stimulated in a
concentration-dependent manner.
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• The ionic dissolution of the fast calcium-releasing ormoglass SG5
with adjusted calcium concentrations also stimulates metabolic activity, cell migration, collagen synthesis, and reduces contractile capacity. Moreover, some unwanted responses for chronic wound healing are avoided or diminished, such as increased gelatinase activity and expression of inflammatory factors. Nevertheless, it triggers
other undesired effects, such as reduction of proliferation rate and
VEGF synthesis.
Chapter 4: Responses mediated by the calcium-sensing receptor
• Dermal fibroblasts show expression of the calcium-sensing receptor
(CaSR) organized in clusters at the edge of their plasma membrane.
• CaSR agonists, including Gd3+ , Mg2+ , and Zn2+ stimulate
metabolic activity, and Gd3+ , Mg2+ , and Sr2+ promote cell
migration. In addition, Gd3+ also stimulates collagen synthesis, but
not gelatinase activation.
• CaSR agonist-releasing bioceramics could be considered over
calcium-releasing bioceramics to stimulate more specific responses
on wound healing.
• The extracellular signal-regulated protein kinases 1 and 2 (ERK1/2)
pathway is similarly activated with Ca2+ and Gd3+ , so this pathway
could be involved with some of the biological responses stimulated
on fibroblasts.
• The vehicles used to dissolve the CaSR negative allosteric modulators NPS2143 and calhex231 interfere with the biological responses
studied.
Chapter 5: In vivo evaluation of a calcium-releasing composite on
a pressure ulcer diabetic model
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• A novel dressing generated with the electrospinning technique composed of poly(lactic acid) (PLA) fibers containing SG5 particles accelerated the healing of pressure ulcers on diabetic and obese mice.
• The dressing promoted increased vessel density at initial time points.
This effect can explain, at least in part, the faster healing rate detected for this material.
• The overall biological performance of the designed material
surpassed a dressing frequently used in the treatment of chronic
wounds.
• Considering that both PLA and bioceramics are currently accepted
for clinical application, that these materials and the production technique are relatively inexpensive, and that the final dressing has good
stability, this product has great translational potential.
Chapter 6: Vessel maturation promoted by a glass-ceramic / hydrogel composite with hMSC
• Glass-ceramic microparticles coded as GC8 present a sustained
calcium-release and stimulate vessel formation in the CAM model.
• These particles are successfully incorporated into a degradable and
cell-adhesive synthetic hydrogel.
• This composite material allows a sustained survival of encapsulated
hMSC and stimulates the release of the angiogenic factor IGF-1 from
these cells in vitro.
• The composite material promotes an improved survival of the encapsulated hMSC when implanted in soft tissue of mice, as well as
increases vessel maturation at the site of implantation.
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• Overall, this novel composite shows great potential to improve cell
therapy for soft tissue regeneration.
Future perspectives
The work developed during this thesis has contributed to expand the
knowledge of the potential of bioceramics to improve of wound healing
and soft tissue regeneration. Novel products have been designed and tested
in vitro and in vivo showing promising results. However, research must
continue to better understand the interactions of calcium and other products released by bioceramics with soft tissue, specially to unravel the mechanisms involved in the stimulated effects, and to find the optimal release
to improve the healing of a human wound. The continuation of the studies
presented in this thesis could provide interesting answers. Below, some
suggestions of what could be done are given.
One of the reasons why biomedical treatments fail when reaching clinical trials is the inaccuracy of the models used along the preclinical studies
to mimic the real situation. In the case of chronic wound healing research,
there is significant room for improvement regarding designing and executing more reliable models. In the in vitro studies presented in Chapter 3, we
used primary rat dermal fibroblasts because they were the ones available
in the lab. However, considering that fibroblasts from chronic wound patients present a senescent state (Hasan et al., 1997; Ågren et al., 1999; Wall
et al., 2008; Brem et al., 2007), it would be interesting to repeat the experiments using human dermal fibroblasts from diabetic and/or aged patients.
In addition, regarding the relevance of ECM-cells and cell-cell interactions
in wound healing, the study of the effect of calcium and bioceramics on
bilayered 3D skin equivalent models would be highly informative.
The idea of using CaSR analog-releasing bioceramics is very appealing, because considering the wide contribution of calcium in different biological processes, they may allow a more specific stimulation of the heal-
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ing response. Our study presented in Chapter 4 provides insight into this
matter, but further experiments should be performed. For instance, other
CaSR analogs could be tested, and not only on dermal fibroblasts but also
on keratinocytes and immune cells. Moreover, to overcome the difficulties
found in the use of the negative allosteric modulators, the expression of the
CaSR receptor could be reduced or knocked down with specific siRNA or
CRISP/Cas9 technology.
The results obtained in Chapter 5 from the in vivo pressure ulcer model
are very promising and a more extensive characterization of the tissue
should be performed in order to unravel the mechanisms that have favored
an accelerated healing. Specific tissue stainings could be carried out to
quantify the density of fibroblasts and myofibroblast at the injured site,
analyze expression of MMPs and tissue inhibitor of metalloproteinases
(TIMPs), and detect keratinocyte proliferation. Analysis of the immune
cell population present in the tissue, such as macrophages, might also provide useful information. In view of the positive results attained, the novel
designed dressing could be a suitable candidate to be evaluated on swine,
the skin of which is considered to be structurally more similar to human
than mouse.
Finally, more experiments are needed to understand the vasculogenic
capability of the composite material presented in Chapter 6. More in vitro
tests could be performed to analyze the angiogenic potential of the media
conditioned with the release of hMSC in the material. Also, tissue sections
from the in vivo experiment could be proved against human-specific antibodies to detect hMSC incorporation into the blood vessels surrounding
the site of implantation. Furthermore, evaluation of the material in a different in vivo model, such as the murine hind limb ischemia model, would
allow the identification of real functional gain in vascularization.
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Even though the focus of this study was on the role of calcium, the
effect of the other ions released by bioceramics should not be underestimated. Phosphate is released in similar concentrations to calcium in the
bioceramics tested in this project, and experiments assessing its effect on
fibroblasts and other cell types as well as the combination of both calcium
and phosphate ions should be undertaken. Moreover, although we did not
detect it in our in vivo studies, the risk of tissue calcification should be
noted when using bioceramics due to their release of calcium and phosphate (Bueno et al., 2016; Habibovic et al., 2010). Thus, specific assays
should be performed to detect tissue calcification, specially for long-term
implantation of the particles in soft tissues.

A
A.1

Survey
Aim

The development of novel biomedical therapies require of a deep understanding of the patophysiology of the disease that aims to be treated, as
well as of the situation and shortcomings of current treatments. Bibliographic review is obviously an essential step to gain this knowledge but
first hand opinion of medical professionals is also very valuable and informative. To attain a better understanding of the way chronic wounds
are treated and what is the perception of medical professionals about the
products currently available and their limitations, we decided to carry out
a survey.

A.2

Methodology

The survey consisted of 20 questions (Q) to be responded on-line. Questions 1 to 5 (Q1-Q5) were devoted to learn about the profile and experience
of the survey respondents. Q8-Q11 consisted of general questions about
chronic wounds and the dressings used to treat them. Q12-Q14 and Q15Q17 were specific questions about pressure ulcers and vascular wounds,
respectively. Finally, Q18-Q20 were questions to learn about the knowl193
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edge of participants in skin substitutes and the impact of this therapy in the
clinics.
In most of the questions, participants were asked to choose a single
answer from different proposed options. These questions were Q1, Q2, Q3,
Q4, Q5, Q6, Q8, Q9, Q10, Q11, Q18, Q19, and Q20. In some questions,
survey responders could comment or justify their answer: Q8, Q11, Q14,
Q17, Q19, and Q20. In other questions, they were asked to mark from 1
(very high) to 5 (very low) the relevance or frequency of the wounds: Q7,
Q12, Q13, Q15, and Q16.
Several professionals from primary care centers and hospitals of the
metropolitan area of Barcelona were contacted and were kindly asked to
anonymously participate in the on-line survey and to share the survey with
their co-workers. A total of thirteen people accepted to participate and
answered all the questions.

A.3

Results

A.3.1

General questions about the survey respondents

All participants were women (Q1) with a nursing degree (Q3), eight of
which worked in primary care centers while the remaining five worked
in hospitals (Q2). More than 50% were specialized in treating chronic
wounds (Q4) and had more than 16 years of experience on it (Q5). The
majority of the patients treated by these professionals, 90%, are older than
61 years old (Q6), pointing out that advanced age is a key risk factor in
chronic wounds. Moreover, the type of chronic wounds that they most
commonly treat are vascular, diabetic food, and pressure ulcers, in this
order of frequency (Q7).
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A.3.2

General questions about chronic wounds and
dressings

Some general questions about the use of dressings in chronic wounds were
asked. They answered that dressings were always changed by nurses (Q9).
Also, 70% responded that dressings are normally changed every 2 to 4
days, while the rest answered that the frequency of dressing change depends on the requirements of each particular wound (Q8). Some commented that wounds must be monitored frequently to detect infection or
change the type of products needed as the wound evolves, but it was best
to keep it covered if possible.
By far, the main factor that they prioritize when choosing a dressing
is the speed of wound closure (Q10). While most of the nurses that work
in primary care centers answered that they can easily choose a dressing
that provides the factor they prioritize, in hospitals, nurses are more limited (Q11). Nurses in hospitals commented that they have less power of
decision because it is the hospital and not themselves who can choose the
dressings that are available to use. On the other hand, nurses in primary
care centers have much more influence on this choice.

A.3.3

Questions about pressure ulcers and vascular ulcers

When inquired about pressure ulcers, all the risk factors proposed in the
survey were chosen as relevant. Nevertheless, the ones considered more
important were immobility and diabetes, followed by infection, circulation
problems, advanced age, malnutrition, and obesity (Q12). In this type of
wounds, products that promote wound debridement are very often applied.
Antimicrobials and dressings that control exudate are also commonly used.
On the other hand, products that actively stimulate wound closure, such as
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growth factor therapy, are less common, and skin substitutes and grafts
are very rare or not used. Survey respondents were also asked to choose
what aspects involved in the healing of pressure ulcers are not well covered by current dressings. 35% responded control of tissue maceration at
the wound edge, 22% chose stimulation of granulation tissue, and 17% answered debridement and infection control. Only 4% considered that stimulation of re-epithelialization is not well covered.
All the risk factors for vascular ulcers that were proposed in the question were considered relevant in this order: infection, immobility, diabetes,
hipertension, malnutrition, obesity, advanced age, and smoking (Q15). For
these ulcers, antimicrobial products were chosen as the most commonly
used treatment (Q16). Debridement was not so relevant as for pressure
ulcer, but was still one of the most common treatments applied, followed
by exudate control (Q16). Products that stimulate an active healing are a
bit less commonly used, and, again, skin substitutes and grafts are very
rare or not used (Q16). The aspects of these wounds that they considered
not to be properly covered by current products were: 30% control of tissue maceration at the wound edge, 20% infection control and stimulation
of granulation tissue, 10% debridement and exudate control, and only 5%
chose stimulation of re-epithelialization (Q17).

A.3.4

Questions about skin substitutes

Finally, respondents were inquired about skin substitutes. First, a brief definition of skin substitutes was provided, explaining that these products involve the use of human cells embedded in 3D-scaffolds. Most of the nurses
working in primary care centers did not know about this products, while
hospital nurses were more acquainted with their existence (Q18). Moreover, the majority of the participants answered that they had never used
these products or met anyone using them. Nevertheless, nurses were quite
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optimistic about the future perspectives of skin substitutes, since many of
them considered that they might be regularly used in 5 to 10 years. On
the other hand, others commented that this is not likely to happen due to
restrictions in healthcare budget.

A.4

Conclusions

The survey points out the key role that nurses play in the treatment of
chronic wounds in both primary care centers and hospitals. They are the
medical professionals who take direct care of these wounds and decide the
type of dressing to be used on each patient.
Dressings are most commonly changed every 2 to 4 days, and, generally, different products are used as wound healing progresses because
wound requirements evolve. Moreover, their first choice is to use dressings that accelerate the healing process.
The main risk factors shared by both pressure and vascular ulcers perceived by nurses that answered the survey are immobility, diabetes and
infection. While pressure ulcers require more debridement, vascular ulcers are more sensitive to infection. According to the nurses that we interviewed, the most important aspect not covered by current dressings for
the treatment of these chronic wounds is control of tissue maceration at
the wound edge. In pressure ulcers, the second aspect not well covered
is stimulation of granulation tissue, followed very closely by infection and
debridement. Similarly, in vascular wound ulcers, both stimulation of granulation tissue and infection control are considered the second most important aspects to improve, followed by debridement and exudate control.
This survey also highlight that skin substitutes are not yet a current
treatment in our local hospitals and primary care centers.
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Abbreviation lists for arrays
Wound healing RT-PCR array
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Angiogenesis protein array
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Scientific contributions and
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Publications

• Claudia Navarro-Requena, Jessica D. Weaver, Amy Y. Clark, Douglas A. Clift, Soledad Perez-Amodio, Óscar Castaño, Dennis W.
Zhou, Andrés J. García, Elisabeth Engel. PEG Hydrogel Containing
Calcium-Releasing Particles and Mesenchymal Stromal Cells Promote Vessel Maturation. Acta Biomaterialia. 2017. Under review.

• Claudia Navarro-Requena, Soledad Perez-Amodio, Oscar Castaño,
Elisabeth Engel. Wound Healing-Promoting Effects Stimulated by
Extracellular Calcium and Calcium-Releasing Nanoparticles on Dermal Fibroblasts. Journal of Materials Chemistry B. 2017. Submitted.

• Soledad Perez-Amodio, Nuria Rubio, Olaia F. Vila, Claudia
Navarro-Requena, Oscar Castaño, Aitor Sanchez Ferrero, Joan
Marti-Munoz, Jeronimo Blanco, Elisabeth Engel. Accelerated
Wound Healing by Novel Polymeric Composite Dressings. Journal
of Tissue en Regenerative Medicine. 2017. To be submitted.
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C.2

Posters and oral presentations in conferences

• Claudia Navarro-Requena, Soledad Pérez-Amodio, Óscar Castaño
and Elisabeth Engel. “Pursuing a Novel Bioactive Dressing: Stimulation of Dermal Fibroblasts With Calcium-Phosphate Nanoparticles”. Poster presented at the IBEC’s 9th annual Symposium: Bioengineering for Active Ageing. Barcelona, Spain. 29th June 2016.
• Claudia Navarro-Requena, Soledad Pérez-Amodio, Óscar Castaño
and Elisabeth Engel. “Pursuing a Novel Bioactive Dressing: Stimulation of Dermal Fibroblasts with Calcium-Phosphate Nanoparticles”. Poster presented at the 10th World Biomaterials Congress.
Montreal, Canada. 17th-22nd May 2016
• Claudia Navarro-Requena, Jessica Weaver, Óscar Castaño, Amy
Clark, Jose García, Soledad Pérez-Amodio, Dennis Zhou, Douglas
Clift, Andrés J. García, Elisabeth Engel. “Vasculogenesis by a
Maleimide Cross-Linked PEG Hydrogel Containing Calcium
Phosphate Glass Particles”. Oral presented at the 27th European
Congress for Biomaterials- European Society for Biomaterials,
Krakow, Polony, 30th August- 3rd September 2015.
• Claudia Navarro-Requena, Jessica Weaver, Óscar Castaño, Amy
Clark, Jose García, Soledad Pérez-Amodio, Dennis Zhou, Douglas
Clift, Andrés J. García, Elisabeth Engel.“Vasculogenic Effect of
Calcium Phosphate Glass Particles in a Maleimide Cross-Linked
PEG Hydrogel”. Poster presented at the 5th Advanced Summer
School: Interrogations at the Biointerface, Oporto, Portugal, 29th
June-3rd July 2015.
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• Claudia Navarro-Requena, Jessica Weaver, Óscar Castaño, Amy
Clark, Jose García, Soledad Pérez-Amodio, Dennis Zhou, Douglas
Clift, Andrés J. García, Elisabeth Engel. “Angiogenic Stimulation
by Calcium Phosphate Glass-Ceramic Particles in a Maleimide
Cross-Linked PEG Hydrogel”. Poster and oral presented at the
IBEC’s 7th annual Symposium: Bioengineering for Future
Medicine. Barcelona, Spain. 29th September 2014.

• Claudia Navarro, Soledad Pérez-Amodio, Óscar Castaño, J.A.
Planell and Elisabeth Engel. “The Effect of Extracellular Calcium
on Dermal Fibroblasts with Potential Applications in Skin Wound
Healing”. Oral presented at the European Wound Management
Association -Grupo Nacional para el Estudio y Asesoramiento en
Úlceras por Presión y Heridas Crónicas (EWMA-GNEAUPP) 2014
congress. Madrid, Spain. 14th-16th May 2014.

• Claudia Navarro, Soledad Pérez-Amodio, Óscar Castaño, J.A.
Planell and Elisabeth Engel. “The Effect of Extracellular Calcium
on Dermal Fibroblasts with Potential Applications in Skin Wound
Healing”. Poster presented at the Advanced Summer School:
Inflammation/Repair Interface. Porto, Portugal. 25th-28th June
2013.

• Claudia Navarro, Soledad Pérez-Amodio, Óscar Castaño, J.A.
Planell and Elisabeth Engel. “The Effect of Extracellular Calcium
on Dermal Fibroblasts with Potential Applications in Skin Wound
Healing”. Poster presented at the IBEC’s 6th annual Symposium on
Bioengineering and Nanomedicine. Barcelona, Spain. 8th May
2013.
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• “Best Oral Presentation” Award in the 27 th European Congress for
Biomaterials- European Society for Biomaterials. 2015.
• "EWMA First Time Presenter Award 2014" in the congress EWMAGNEAUPP, 2014.
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Abbreviations
α-MEM Minimum Essential Medium Alpha.
α-SMA alpha-smooth muscle actin.
7TM seven transmembrane-spanning domain.
BCA bicinchoninic acid.
BSA bovine serum albumin.
CAM chorioallantoic membrane.
CaSR calcium-sensing receptor.
CCM complete culture media.
DAPI 4’,6-diamidino-2-phenylindole, dilactate.
DLS dynamic light scattering.
DMEM Dulbecco’s Modified Eagle Medium.
DMSO Dimethyl sulfoxide.
DPBS Dulbecco’s phosphate-buffered saline.
dsDNA double-stranded DNA.
ECD extracellular domain.
ECM extracellular matrix.
ECs endothelial cells.
EDS energy dispersive spectroscopy.
EFP epidydimal fat pad.
ELISA Enzyme-Linked ImmunoSorbent Assay.
EPCs endothelial progenitor cells.
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ERK1/2 extracellular signal-regulated protein kinases 1 and 2.
FBS fetal bovine serum.
FDA Food and Drug Administration.
FGF fibroblast growth factor.
FPCL fibroblast-populated collagen lattice.
GAPDH glyceraldehyde-3-phosphate dehydrogenase.
H&E hematoxylin-eosin.
hMSC human mesenchymal stromal cells.
HUVEC human umbilical vein endothelial cells.
ICP-OES inductively coupled plasma optical emission spectrometry.
IFN-γ interferon-gamma.
IGF-1 insulin-like growth factor 1.
IL-6 interleukin 6.
IP intraperitoneally.
IP3 inositol-1,4,5-trisphosphate.
IR ischemia-reperfusion.
JNK c-Jun NH2-terminal kinase.
LDH lactate dehydrogenase.
M-PER Mammalian Protein Extraction Reagent.
MAPK mitogen-activated protein kinase.
MMP matrix metalloprotease.
P/S penicillin/streptomycin.
PAD peripheral artery disease.
PBS Phosphate-Buffered Saline.
PDGF platelet derived growth factor.
PDMS polydimethylsiloxane.
PEG polyethylene glycol.

Abbreviations

Abbreviations

PEG-MAL polyethylene glycol-maleimide.
PLA poly(lactic acid).
PLC phospholipase C.
ROS reactive oxygen species.
RT room temperature.
RT-PCR Real Time polymerase chain reaction.
SD standard deviation.
SDS sodium dodecyl sulfate.
SEM scanning electron microscope.
TBS Tris-buffered saline.
TFE 2,2,2-trifluoroethanol.
TGF-β transforming growth factor-beta.
TIMP tissue inhibitor of metalloproteinase.
TNF-α tumor necrosis factor-alpha.
TTBS Tris-buffered saline containing 0.1% Tween® 20.
VEGF vascular endothelial growth factor.
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