
http://lib.ulg.ac.be http://matheo.ulg.ac.be

Master thesis : Characterization of silica biomaterials and its interaction with cells

Auteur : Oliver Cervello, Lluis

Promoteur(s) : 1749; Geris, Liesbet

Faculté : Faculté des Sciences appliquées

Diplôme : Master en ingénieur civil biomédical, à finalité spécialisée

Année académique : 2016-2017

URI/URL : http://hdl.handle.net/2268.2/3363

Avertissement à l'attention des usagers : 

Tous les documents placés en accès ouvert sur le site le site MatheO sont protégés par le droit d'auteur. Conformément

aux principes énoncés par la "Budapest Open Access Initiative"(BOAI, 2002), l'utilisateur du site peut lire, télécharger,

copier, transmettre, imprimer, chercher ou faire un lien vers le texte intégral de ces documents, les disséquer pour les

indexer, s'en servir de données pour un logiciel, ou s'en servir à toute autre fin légale (ou prévue par la réglementation

relative au droit d'auteur). Toute utilisation du document à des fins commerciales est strictement interdite.

Par ailleurs, l'utilisateur s'engage à respecter les droits moraux de l'auteur, principalement le droit à l'intégrité de l'oeuvre

et le droit de paternité et ce dans toute utilisation que l'utilisateur entreprend. Ainsi, à titre d'exemple, lorsqu'il reproduira

un document par extrait ou dans son intégralité, l'utilisateur citera de manière complète les sources telles que

mentionnées ci-dessus. Toute utilisation non explicitement autorisée ci-avant (telle que par exemple, la modification du

document ou son résumé) nécessite l'autorisation préalable et expresse des auteurs ou de leurs ayants droit.



Improvement of the biological
performance of CaPs coatings by

using the PILP-mineralized collagen
method

Lluís Oliver Cervelló

Supervisor in Liège: Liesbet Geris
Supervisor in Maastricht: Pamela Habibovic

PhD supervisor in Maastricht: Daniel de Melo Pereira

Master thesis submitted for the degree of
MSc in Biomedical Engineering

University of Liège
Applied Sciences Faculty

Academic Year 2016-2017



ii



Acknowledgments

First of all I want to acknowledge to my daily supervisor Daniel. Without him, this work
would not have been possible. I have no words to express my gratitude as most of the things
I have learned here are from him. Thank you also for the unconditional support, for the hours
spent together in the lab and for allowing me to discover how interesting this world of bone
regeneration is.

To my supervisor in Maastricht, Pamela Habibovic, for accepting me in her research group
and for always giving me the opportunity to discuss ideas without any limitation. Of course,
thank you to the rest of the group: David, Víctor, Sabine, Ziryan, JiaPing, Denis, Roger and
Virginia, for always being available to help.

To my supervisor in Liège, Liesbet Geris, who made contact between me and the group in
Maastricht, allowing me to discover how interesting is the research world. Thank you also for
accepting me in the Master and being available during it to discuss any doubt.

To Ana Vallés and Guillermo Vilariño, who actually were the first persons introducing me
in the research world. I feel like this work is also part of them.

To my flatmates, for our international dinners and the hours spent in the kitchen together;
and especially to Mike, who was always there for me.

I cannot forget Sara, who became my half during my stay in Maastricht, and Pablo, who
although back in Spain, was always supportive. You both know that I could not have done this
work without you.

To my parents and my sister, always relying on me.

iii



Abstract

Mineralization of collagen via a polymer-induced liquid-precursor (PILP) method was used
to mimic the intrafibrillar mineralization of collagen. This method was optimized and adapted
to achieve a coating of PILP-mineralized collagen in microplates for cell culture experiments.

Prior to mineralization, optimization experiments were performed, to find the best con-
ditions to obtain a homogeneous coating of collagen fibres. The first optimization step was
tuning buffer conditions (pH, ionic strength, col-I concentration) that allow collagen fibril self-
assembly, showing the characteristic D-spacing, from an acid-dissolved stock solution. It was
found that the best conditions to obtain this kind of collagen fibrils were 100 µg/mL of colla-
gen in FFB with 200 mM NaCl, 100 µg/mL of collagen in FFB with 400 mM NaCl and 500
µg/mL of collagen in FFB with 400 mM NaCl. The second optimization step was regarding
the coverage of the tissue culture plastic substrate by fibrils, and two methods were tested.
In the first method, quite homogeneous coatings were attempted by deposition of sequential
layers of fibril suspensions. The second was a two-step method: first a thin, non-fibrillar layer
of collagen was deposited, followed by fibril formation in the second step. The later method
proved to be most effective, as observed by immunostaining and SEM. Observation of collagen
banding pattern and confirmation of intrafibrillar mineralization of collagen was done by TEM.
Furthermore, the effectiveness of the PILP solution was tested by mineralizing bovine type-I
commercial MatrixMEM collagen membranes. Quantification of mineral content was done by
TGA.

The PILP-mineralized collagen coating is hypothesized to have better biological performance
than current biomimetic calcium phosphate coatings. To study so, five different substrates
(TCPS, hydroxyapatite, collagen, PILP-mineralized collagen and collagen-coated hydroxyap-
atite coatings) were prepared for a resorption experiment with osteoclasts. Surface morphology
of the samples was analysed by SEM, and calcium phosphate phases were identified by XRD.

Osteoclast cells were obtained by differentiating murine RAW 264.7 macrophages under the
influence of RANKL. Cell density and RANKL concentration optimization experiments were
also performed. A seeding density of 4000 cells/cm2 and 100 ng/mL of RANKL were found as
optimal conditions.

Osteoclast formation on the different substrates was assessed by TRAP staining, and quan-
tification of TRAP activity and DNA amount. The morphology and the number of osteoclasts
present in each substrates were analysed by SEM, as well as the resorption of the different
calcium phosphate coatings. Results from TRAP staining and SEM indicated that PILP-
mineralized collagen coatings performed the best, showing a greater amount of osteoclast-like
cells than the rest of the coatings. Although resorption was not observed in any of the coatings,
some degradation of collagen was found, which could indicate the beginning of the resorption
process, but no clear conclusions could be done.

Following the resorption study, collagen micropatterning was attempted and it was also suc-
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cessful by using µCP with PVA. However, its mineralization by PILP method was not possible
due to the limitation of time.

Overall, PILP-mineralized collagen coatings showed promising clues to improve the biolog-
ical performance of the biomimetic coatings used nowadays in the clinic.
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CHAPTER 1. INTRODUCTION

Chapter 1: Introduction

1.1 Current trends and shortcomings in bone disease treat-
ments

Bone tissue has a high capacity of regeneration, which allows fractures to heal without
the need of surgical intervention. This is because of its inherent ability to resorb and deposit
mineral depending on external factors. Nevertheless, when a defect reaches a certain critical
size (generally 2.5 times the radius of the bone), the ability of bone to regenerate on its own
is compromised [1]. Furthermore, owing to an increase in life expectancy, age related bone
disorders have trended and they are expected to double by 2020 [2]. In particular, osteoporosis
or osteoarthrosis have a high incidence, especially among women (osteoporosis affects 200 mil-
lion women worldwide – approximately one-fifth of women aged 70 [3]. These disorders lead to
a weakening of the bone tissue, which becomes more brittle, increasing its failure probability [4].

Autologous bone grafting (the transplant of bone from one site to another, within the same
organism) is still the prevailing method of filling in bone defects, yielding the fastest osseointe-
gration and avoiding immunological reaction. However, the use of autografts introduces some
drawbacks, such as limited availability and the need for a second surgery, which increases risks
of infection and donor morbidity [5]. Those problems can be partially solved by using allogeneic
bone grafts (bone transplants obtained from donor banks) or xenografts (transplant of material
obtained from a different species) [2] [6] but in both cases, biomaterials have to be denatured in
order to avoid an immunological response, which includes risk of contamination or infection due
to an incomplete denaturation. This fact together with the decrease of biological performance
(due to the different processing techniques), shows the importance of finding alternatives to
these approaches [7].

1.2 Bone tissue engineering

Tissue engineering or regeneration strategies normally employ a combination of a support
structure, named a scaffold or matrix, with added biological components such as regeneration
inducing factors, cell types native to that tissue, or both. Of these three elements, in the case
of bone tissue engineering, the scaffold plays the most important role as it acts as a template
for new tissue formation while maintaining the structural integrity of the damaged area [8]. A
successful tissue engineered strategy, e.g. involving a scaffold only, should perform at least as
well as autologous grafts in terms of tissue ingrowth and recovery time.

Nowadays, a great variety of synthetic grafts have been developed to substitute autologous
bone grafts. The biomaterials used in synthetic grafts for bone tissue regeneration have to fulfil
specific requirements. Generally, for a biomaterial aiming at regeneration of a critically sized
defect, the ideal solution would be a construct that fits the gap and maintains the mechanical
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CHAPTER 1. INTRODUCTION

stability, while gradually allowing its substitution by native tissue.
Such material should have the ability of promoting differentiation of pluripotent cells into

the osteogenic lineage – a property known as osteoinduction. It should also be osteoconductive
– supporting the proliferation and migration of cells into the construct, allowing for vascu-
larisation and deposition of native extracellular matrix. Porosity is a critical parameter for
osteocondution and vascularisation, with ideal pore size in the range of 100 to 400 µm, and
micro pores of 2 to 50 µm to favour protein adsorption and osteoblast adhesion [9] [10]. Obvi-
ously, both the material and its products of degradation have to be biocompatible. Moreover,
the degradation rate should tuned to allow sufficient time for tissue ingrowth and maturation.
Mechanical proprieties are essential as well; for instance, the modulus of elasticity of cortical
bone is about 18 GPa, hence, scaffolds designed to support loadings should have mechanical
properties in the same range [11] [12] [13].

Most of the material properties here outlined depend on each other, which makes finding
the best suitable material always a compromise, and never easy. An example is the inter-
play between porosity, mechanical strength and degradation of a material. Porosity is critical
for tissue ingrowth and neovascularization, but decreases the mechanical strength of a con-
struct. Increasing the mechanical strength can be done by considering other materials, but
the biodegradability usually decreases. Nevertheless, fine tuning a material’s physico-chemical
properties can be achieved to a certain degree, by e.g. applying certain treatments on the
surface, to render it with properties different than those of the bulk material. This allows for
a balance of mechanical properties (supported by the bulk) and surface chemistry and topog-
raphy that is more amenable to the physiological environment [53].

Traditionally, bioinert materials (materials that do not degrade in vivo [15]) like alumina,
zirconia, titanium alloys or ultra high molecular weight polyethylene (UHMWPE), have been
used to repair bone defects [16]. For instance, Titanium and its alloys (mostly Ti6Al4V) are
interesting because their mechanical strength and fatigue resistance are higher than the char-
acteristic values for bone. As a consequence, they can be used for load bearing applications like
hip or knee replacement. However, due to the mismatch of mechanical properties, the implant
sustains the larger part of the load. Lack of external mechanical stimulus leads to the loss of
bone mass in the area surrounding the implant (an effect called stress-shielding), causing it to
shift loose. This is a major cause of revision surgery for hip arthroplasty (30 % of the patients
needing revision after 7 years [17]). Bioinert materials are tipically surrounded by a layer of
fibrous tissue, which does not allow a proper biointegration of the material. Besides of the
aforementioned disadvantages, bioinert materials do not bind directly with bone and in some
metals like Ti, a thin oxide layer is normally formed in the surface, which can generate the re-
lease of some metal ions resulting in an immune and inflammatory response [53] [54]. Therefore,
bone tissue engineering requires scaffolds that better meet the requirements listed above, and
the design of biomaterials is generally moving towards having an active part in directing cell
behaviour and tissue integration in vivo, as opposed to the passive state of bioinert materials.
These biomaterials are known as bioactive materials and their main goal it is not only to avoid
rejection of the implant but also to stimulate new bone formation with its specialized function.
A common rationale to develop such cell-instructing materials is looking to the native tissue
and trying to mimic its structure or function. To develop these biomimetic materials, as they
are named, insight is needed on the intricacies of bone tissue. Bone composition and structure
will be reviewed in the following section.
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CHAPTER 1. INTRODUCTION

1.3 Composition of bone

Bone can be seen as a heterogeneous composite material, characterized by being a miner-
alized connective tissue. Throughout the body, a large variety of shapes and sizes of bones
can be distinguished, depending on the functions and structures that it has to support. Being
a connective tissue, it has cells embedded in extra-cellular matrix (ECM), which provides the
perfect environment for bone cells to perform their function [19] [20].

1.3.1 Bone cells

Bone is a dynamic tissue that undergoes continuous remodelling during life. Bone remod-
elling is necessary to regulate calcium and phosphate homeostasis, renew damaged bone as
well as to adjust the bone architecture to changes in the environment [19]. This physiological
process involves three principal cell types: osteoblasts, which are responsible for deposition of
new bone, osteoclasts, that remove mineralized bone, and osteocytes, which orchestrate the
formation/resorption of bone.

Osteoblasts are derived from multipotent mesenchymal stem cells and their main function
is the production of bone matrix [21]. They are normally found on the layer of bone matrix
that is being actively produced . Nevertheless, some of them remain on inactive bone surfaces,
transforming into bone lining cells [22].

Osteoclasts originate from hematopoietic cells of the monocyte-macrophage lineage. They
are specialised in bone resorption, that generally involves the dissolution of the HA crystals
and decomposition of the organic matrix. This is achieved by acidification of an extracellular
pocket, and secretion of proteases [21]. In healthy adult bone, the formation and resorption
phenomena occur at the same rate, which ensures the maintenance of a constant bone mass
[23]. Any disruption of this balance can generate bone pathologies, like osteoporosis.

Osteocytes are the most abundant cells in bone, representing over 90% of adult bone cells
[24]. They are matured osteoblasts that now reside in a lacuna surrounded by the bony matrix.
Osteocytes are interconnected by long cellular protrusions through narrow channels in the
osteoid. These protrusions improve the formation and activation of osteoclast precursors, the
stimulation of bone resorption and the regulation of mesenchymal stem cell differentiation [25]
[26]. It is hypothesized that osteocytes act as strain “sensors” [27], however, it is still not clear
how do they respond to mechanical stimulus.

1.3.2 Extracellular matrix

Although the ECM is very complex, it is possible to differentiate between an organic phase
(mainly composed of collagen fibrils and non collagenous proteins) and an inorganic phase
(mineral nanocrystals):

(a) The organic phase constitutes about 25% of the total weight of the bone. This phase
is mainly composed of proteins and proteoglycans, with type I collagen being the most
abundant, accounting for 90% of the overall weight (type III and IV are also present [28])
[19] [20]. The rest is accounted by non collagenous proteins (NCPs), such as osteocalcin,
osteonectin or osteopontin, which play an important role in cell signaling, metabolism
and attachment, as well as matrix organization and mineralization [23].
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CHAPTER 1. INTRODUCTION

(b) The inorganic phase represents about 65% in weight of the bone. Bone mineral is con-
stituted by nanometer scale, crystalline platelets of highly substituted hydroxyapatite
(HA), Ca10(PO4)6(OH)2 that contains some impurities, such as carbonate (4-6 %) [29],
and other ionic substitutes, e.g. sodium (0.9%), magnesium (0.5%) [20] and potassium.
The size of these crystals is about 40-50 nm in length, 20-30 nm in width and 2-10 nm
in thickness. The crystals are formed within the collagen fibres and they are oriented
parallel between them and to the long-axis of the collagen fibrils [20] [29] [30].

(c) Water represents the remaining 10% of the bone’s weight. Although the amount of water
is much less compared to the rest of the components, it should not be ignored as it acts
as a plasticizer, contributing greatly to the mechanical properties of bone [20].

1.3.3 Structure of bone

Bone is a hierarchically structured composite material that can be arranged in many different
ways depending on the local mechanical and biological demands. It should be kept in mind that
bone structure (and composition) varies from one species to another and some differences can
be found even within a single organism. However, bone tissue is generally divided in different
hierarchical levels. At the nanoscopic level, tiny hydroxyapatite platelets are embedded along
the long-axis direction of the collagen fibrils. These fibrils are then arranged in a parallel
array, forming the lamellae or lamellar bone. In particular, lamellar bone is constituted of
large concentric rings of lamellae with thickness of about 5-10 µm. The lamellae are arranged
in concentric rings around a central Harvesian canal that allows the irrigation of bone tissue.
This structure forms the osteon (osteonal bone), which has a diameter of about 100-200 µm
and a length of 1-3 mm. Finally, at the macroscopic level and depending on the packed density
of the osteons, it is possible to distinguish between cortical and trabecular bone (see Figure
1.1) [20].

Figure 1.1: Structure of bone.

Cortical bone is dense and compact and it comprises 80% of the skeleton [27]. ]. It is present
in the outer parts of the bones and its main function is to provide mechanical strength, as well
as to protect organs such as the brain or the uterus.

Trabecular bone is less dense and has higher porosity than cortical bone. Its architecture
and density vary depending on the location in the skeleton, as well as with aging. Moreover, it
has more biological activity than the cortical bone, as it harbours the bone marrow, a highly
vascularized tissue, which is responsible of hematopoiesis. It also plays an important role in
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CHAPTER 1. INTRODUCTION

the immune response [31]. The main function of trabecular bone is to act as a shock absorber
[32].

With this general overview on the biology, cells and structure of bone tissue, we can actually
focus more in depth on bioactive materials for bone regeneration.

1.4 Calcium phosphate ceramics

Among bioactive materials for bone regeneration, calcium phosphate (CaP) bioceramics
have a lot of potential, owing to their high biocompatibility and osteoconductive properties as
well as their ability to form direct bonds with bone tissue [33] [34]. The use of CaP ceramics
has also backed up by their physicochemical similarity to bone mineral, and their ability to
undergo resorption, both in vitro [33] and in vivo [35].

Different calcium phosphate ceramics can be distinguished, with varying composition and
crystal structure, granting them distinct physicochemical properties. It is important to remark
that while most CaPs are osteoconductive, not all of them are osteoinductive. Furthermore,
solubility, crystallinity, Ca/P ratio, surface roughness and surface energy of calcium phosphates
may affect protein adsorption, cell adhesion and cell differentiation [36]. Table 1.1 summarizes
composition and some physicochemical properties of the most widely used calcium phosphate
ceramics, while some of them are described in more detail below:

(a) Hydroxyapatite: HA is the CaP that most resembles bone apatite, and is very stable
above pH 4.3. It is characterized by its hexagonal crystal structure and its Ca/P ratio
of 1.67 (stoichiometric synthetic HA). Furthermore, HA is highly biocompatible, it has
good osteoconductivity and slow resorption (5%-15% per year), which makes HA an ideal
material for dentistry and orthopaedic applications. However, as the mechanical strength
of HA is low (38-300 MPa depending on the measurement technique and porosity [37])
its use is restricted to low load-bearing applications, such as cements or coatings [38] [39].
In some cases, slow resorption is not desired and some work has focused in tuning the
resorption rate. Fleming et al. created a composite made of calcium carbonate with a
thin coating of HA, achieving a biomaterial that initially behaved as pure HA but after
the resorption of this coating (few months), the calcium phosphate was absorbed much
more rapidly [40]. The main application of HA is in dentistry and orthopaedics [41].

(b) Tricalcium phosphates: TCPs are considered to be fast resorbing ceramics as they
have greater solubility than HA [40]. Two dominant phases can be distinguished in TCP:
α-TCP and β-TCP. The α-TCP has a monoclinic crystal structure while the β-TCP is
characterized by a pure hexagonal (rhombohedral) structure. Despite both TCPs having
the same Ca/P ratio, their different crystal structure provides different physicochemical
properties. For instance, α-TCP is more soluble than β-TCP [45]. It is also important
to remark the importance of the porous dimensions and its interconnectivity, which also
influences bone regeneration and the degradation of the ceramic. In this way, not only
macroporosity should be taken into account but also microporosity. For instance, H.
Yokozeki et al. shown that micropores of β-TCP of about 0.2-0.5 µm affected bone
resorption [42]. Because of its good bioactivity, biodegradability, osteoconductivity and
osteoinductivity, β-TCP has been more used in the clinics than α-TCP [36] [43].

(c) Biphasic calcium phosphates: BCPs are calcium phosphates composed of two different
phases, allowing the possibility to obtain materials with properties that are between the
two CaPs separately. One of the most widely used BCPs is made of a mixture of HA
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CHAPTER 1. INTRODUCTION

and β-TCP, leading to a ceramic with low solubility (from the HA), osteoconductivity
and osteoinductivity (from the TCP) [10] [36]. The resulting CaP has a Ca/P ratio that
varies between the one of the HA and the one of the TCP, depending on the percentage
of each phase, which also influences the bioactivity of the ceramic [44]. BCPs are mainly
used as bone fillers [45].

(d) Octacalium phosphate: OCP occurs as an intermediate phase of the thermodynami-
cally more stable HA and it has a triclinic crystal structure. OCP is also biocompatible
and osteoconductive [45] [48]. It has been reported that when OCP was implanted in
subperiosteal region of mouse calvaria, it was able to form a very similar structure to the
one observed at the first phases of the mineralization in intramembranous bone formation,
which may be related with the chemical nature of the OCP [49]. Although OCP has been
used as a filling material in bone defects of animal models [50], it has not been translated
into the clinics yet [45].

Phase Chemical formula Ca/P Density
ratio (g/cm3)

Dicalcium phosphate CaHPO4 1/1 2.89
anhydrate
(DCPA)

Dicalcium phosphate CaHPO4·2H2O 1/1 2.32
dihydrate
(DCPD)

Octacalcium phosphate Ca8(PO4)4(HPO4)2·5H2O 8/6 2.61
(OCP)

α-Tricalcium Ca3(PO4)2 3/2 2.86
phosphate
(α-TCP)

β-Tricalcium Ca3(PO4)2 3/2 3.07
phosphate
(β-TCP)

Hydroxyapatite Ca10(PO4)6(OH)2 10/6 3.16
(HA)

Tetracalcium Ca4P2O9 2/1 3.05
phosphate
(TTCP)

Table 1.1: Physicochemical properties of the most widely used calcium phosphate ceramics [46] [47]
[45].

1.4.1 Calcium phosphate coatings

Due to their brittleness and low mechanical properties, bulk CaPs cannot be used in load-
bearing applications. However, their high biocompatibility and osteoconductivity have led to
their use as coatings of metallic implants, especially in orthopaedics and dentistry, allowing to
combine the mechanical strength of metallic materials with the biological response of calcium
phosphates. In this way, calcium phosphate coatings enhance the fixation of the implant, by
allowing a direct connection with the bone tissue [51]
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CHAPTER 1. INTRODUCTION

Plasma sprayed coatings

Several techniques are used to achieve CaPs coatings, and plasma spraying is one of the most
relevant, as it is applied to implants currently used in the clinic [52]. This technique deposits
a thin layer of calcium phosphate (normally HA) onto the surface of a metal. Briefly, a direct
current of high energy is applied between a cathode and an anode, generating an electric arc.
The electric discharge ionizes an inert gas, forming a high temperature (20.000K) plasma. CaP
powders introduced in the hot plasma (with a carrier gas) melt and are deposited on the surface
of the substrate [53] (see Figure 1.2). With this technique, a coating of about 50 µm can be
obtained [54].

Figure 1.2: Plasma-sprayed technique [55].

A drawback of this technique is the modification of the properties of the initial powders
(in terms of phase composition and structure) due to the thermal instability of the CaPs, as
they reach high temperatures within the plasma. Theoretically, when the CaPs powders are
injected into the plasma, only the surface of the particles melt, allowing adhesion among the
particles, and also between the particles and the substrate. This melt part of the particle gen-
erates an amorphous phase that surrounds the crystal phase of the original powder, creating a
final coating that actually does not have the same phase composition of the initial powder [56].
However, by controlling the initial dimensions of the powders, the spraying distance, the gas
and the cooling process of the coating, it is possible to control the CaP phase deposited [53].
Plasma spraying is the preferred method for coating hip prosthesis.

Despite the great success of plasma sprayed coatings in the clinic, they still have some
significant drawbacks. One of the major concerns is the possible dissolution and degradation
of HA due to instability and/or disintegration of HA coating, leading to a loss of contact
between the implant and the native tissue, poor fixation and short-term failure of the implant,
in the worst case scenario [57]. Furthermore, plasma spraying can only be applied with stable
CaPs (HA or TCP) [58]. In addition, implants with complex geometries can not be coated
by using this method, due to the line-of-sight coating process [59]. There are a number of
possible alternative methods for applying a CaP coating on a substrate, such as high-velocity
oxy-fuel spraying (HVOF) [60], electrophoretic deposition [53], sol-gel deposition [61] or pulsed
laser deposition [62], among others. However, biomimetic deposition seems to offer the best
alternative to the rest of techniques [58].

Biomimetic coatings

These coatings are obtained by immersing the materials in Simulated Body Fluids (SBF),
a type of solution that mimics some aspect of the physiological environment, e.g. the ion
concentration, pH and temperature of human blood plasma [63]. The first formulation of
SBF was developed by T. Kokubo in 1991, where a method was described to evaluate the
potential bioactivity, specifically bone-binding ability, of a target material. The formation of
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a layer of apatite upon immersion in SBF was generally regarded as an indication of good
integration with bone tissue [64]. Many modifications of the initial composition of SBF have
been reported, by T. Kokubo [65] and others. For instance, P. Habibovic et al. used a two-step
biomimetic coating to obtain a coating of hydroxyapatite on Ti6Al4V implants. In the first step,
implants were immersed in 5x concentrated SBF, obtaining an amorphous calcium phosphate
coating. Afterwards, the implants were soaked in a second solution, where the composition
was very similar to the first one but with less content of magnesium (Mg2+) and carbonate
ions (HCO−

3 ), which are known as crystal growth inhibitors. Consequently, a crystalline CaP
coating was achieved [66].

These biomimetic coatings have also been applied in hydrogels. For example, Madhumath
et al., created a composite of chitosan/HA introducing a chitosan membrane in a solution of
CaCl2 and Na2HPO4 at pH 7.4. HA deposition occurred on the surface of the membrane
[67]. The main advantage of these biomimetic methods compared to spray techniques is that
structures with complex geometries can be easily coated. Besides, this process takes place
at low temperature, which increases the range of materials that can be coated, as well as
incorporation of organic molecules. Finally, bone-like apatite coatings are achieved with this
technique, leading to biomaterials that have better interaction with native bone tissue.

Despite the clinical success and the advantages of biomimetic methods [68], they succeed
only in replicating the inorganic phase of bone. To obtain coatings that more closely resemble
the native tissue, other aspects can be considered, for instance, incorporating the organic phase,
or replicating the structure of bone, could be some aspects to take into account. These questions
have also been considered by some research groups, trying to improve biomaterials for bone
regeneration, considering the structure and main components of the native bone. To reach this
goal, a lot of investigations have focused on the comprehension of the mineralization of bone.

1.5 Bone mineralization process

Despite bone composition and structure being known to a very fine detail, the same cannot
be said of the mineralization process and this is a very active field of research. Biomineraliza-
tion of bone is the process whereby hydroxyapatite crystals are deposited in an ordered way
in the organic ECM of bone. In this ECM, collagen plays a crucial role. A collagen molecule
consists of a highly repetitive amino acid sequence, normally Glycine-X-Y, with X often be-
ing Proline and Y Hydroxyproline. Three of these polypeptide chains fold into a triple-helical
structure, consisting of two identical chains (α1) and a different one (α2) and forming tropocol-
lagen molecules [69]. The tropocollagen undergoes a self-assembly process to create a quarter
staggered arrangement of parallel units and form microfibrils, which aggregate to form collagen
fibrils. This quarter-staggered array generates a periodic banding pattern within the fibrils,
forming a 67 nm repeat model (40 nm hole zone and 27 nm overlap zone). This 40 nm hole
is thought to act as a template for mineral deposition and affect the final size, orientation and
shape of the crystals as well as their distribution [20].

While collagen serves the role of structural matrix to become mineralized, non collagenous
proteins (NCPs) are also essential to proper matrix mineralization, as they act as modulators,
inhibiting or promoting mineral formation. Without them mineralization cannot occur, as they
act as signalling molecules, orchestrating all the mineralization process. Generally, NCPs are
made of long flexible chains, containing a great number of acid residues. They also have a lack
of three-dimensional structure and they are depleted in hydrophobic residues [73] [74].

NCPs are able to bind to calcium and also have high affinity for collagen. It has been shown
that when NCPs are in solution, they inhibit HA nucleation, while they induce intrafibrillar
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mineralization when they are attached to a substrate [20]. Consequently, the binding of NCPs
to collagen fibrils may promote intrafibrillar nucleation [70]. The prenucleation clusters of these
charged amino acids form nucleating sites and control the conversion of the ACP into parallel
organized fashion of hydroxyapatite crystals [71] [72]. As these clusters are negatively charged,
they are attracted towards positively charged regions within collagen. Due to this fact, the
amorphous precursor fills the spaces between collagen fibrils, probably by capillarity, although
a lot of questions still remain. The ACP is then solidified and transformed into oriented
nanoscopic crystals of HA, directed by the collagen fibrils. Figure 1.3 shows this process.

Figure 1.3: Collagen template-mediated mineralization theory [20].

Among NCPs, the small integrin-binding ligand N-linked grycoprotein (SIBLING) family
has paid a lot of attention. This family consist of osteopontin (OPN), bone sialoprotein (BSP),
dentin matrix protein 1 (DMP1), dentin sialophosphoprotein (DSPP) and matrix extracellular
phosphoglycoprotein (MEPE).

These proteins are well characterized because all of them are located in the same chromosome
region, display the Arg-Gly-Asp (RGD) sequence (known as the cell-binding motif because it
allows the binding of cells to the ECM) and are secreted into the ECM of bone during osteoid
formation and bone mineralization [75].

OPN is expressed in bone by osteoblastic and osteoclastic precursor cells and it is essential
in the metabolic regulation of bone. It has been shown to play an inhibitory role in HA
formation and growth in the ECM mineralisation. BSP is thought to act as a crystal nucleator
but also to cryptic cell adhesion site and to regulate bone resorption of osteoclasts, indicating
that BSP is one of the most potent proteins to act as a nucleator of HA [77] [78]. This
was shown by Curtain et al., who demonstrated that dephosphoryled bone BSP inhibited
the differentiation of osteoclasts [79]. BSP is present exclusively in mineralized tissues and
Gordon et al. demonstrated that osteoblasts overexpressing BSP enhance mineralization [80].
Moreover, MEPE is also important in bone mineralization and phosphate homeostasis. This
was confirmed by David and colleagues, who observed that mice treated with recombinant
MEPE had less number and activity of osteoclasts [75].

1.6 Biomineralization-inspired materials

Due to the extreme complexity of studying biomineralization processes in vivo, in vitro
models have been developed to examine collagen mineralization [81]. These in vitro models
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have the advantage of reducing variables, allowing the control over the reaction environment,
which makes it easier to study independent parameters. Although these models are not able
to prove what exactly occurs in vivo, they provide insightful clues, while at the same time
driving the research in biomaterials that aim to mimic collagen mineralization. The defining
characteristic of in-vivo mineralized collagen is the intimate contact between nanoplatelets of
HA within collagen fibrils – so called intrafibrillar mineralization – which makes bone essen-
tially a nanocomposite. It is this composition and arrangement at the nanoscale, coupled with
higher levels of organization at larger scale, that ultimately give bone its outstanding mechan-
ical properties [82].

First approaches to mimic bone formation were developed by introducing type I collagen
substrates into simulated body fluid (SBF), on the premise that biological HA is in constant
contact with the extracellular fluid, and thereby mineralization of collagen would occur as part
of the interaction with body fluid [83]. Nevertheless, mimicking the natural bone formation
was not possible by this method, as mineralization did not occur within the collagen fibrils
but only on their surface and thereby, it was believed that other factors may play a role in
mineralization, such as NCPs, as explained above.

Based on the hypothesis that NCPs are essential in intrafibrillar mineralization of collagen, a
polymer-induced liquid-precursor (PILP) process has been successful in mimicking the collagen
template-mediated mineralization process by using polyaspartic acid as a process-directing
agent, replacing the role of NCPs in vivo. Polyaspartic acid shares some characteristics common
to all NCPs, namely the disordered structure and high abundance of acidic side groups. Much
like some NCPs, pAsp is able to prevent CaP nucleation by sequestering ions, forming an ion-
polymer complex. This pAsp-stabilized ACP precursor somehow infiltrates the collagen fibrils,
and the amorphous mineral matures into HA crystals over time [20] [84] [85].

It is interesting to note that in the PILP process, at the early stages of mineralization,
collagen fibrils still appear smooth when observed by SEM, owing to the fact that most of
the mineral is located inside the fibrils. After longer mineralization times, the fibril surface
become rougher because of extrafibrillar deposition [20]. The PILP approach shed light on the
hypothesized role of NCPs in bone mineralization, while allowing biomaterials scientists the
opportunity to go further in biomimetic materials. The use of pAsp as NCP analogue allowed
intrafibrillar mineralization of collagen fibrils in-vitro, a big step in bringing artificial materials
closer to the native composition and structure of bone tissue [86] [87] [88] [89] [90].

It is remarkable that the PILP process has not been limited to the mineralization of colla-
gen, but has also been applied to possible synthetic replacements for the structural matrix. For
example, Yuping Li et al. used thermoresponsive hydrogels composed of elastin-like recombi-
namers to simulate the collagen template. These hydrogels were mineralized by PILP process,
obtaining a composite that contained a mineral density and microporous structure very similar
to the natural bone [91].

Although the PILP process has been successful in mimicking the bone mineralization at
fibril scale, the mechanism by which it happens is still under debate [85]. Furthermore, from
the perspective of material’s design for bone regeneration, there are still some points that can
be improved. Using collagen as structural matrix has restrictions (obtained from an animal
source) that could be overcome by replacement with a synthetic polymer. Another example is
the penetration depth of the PILP phase, which could be a limiting factor in dense collagen
scaffolds, as solidification of PILP could block the entry of further mineral precursor [74]. While
obtaining the “building block” of bone is certainly a step in the right direction, the matter of
its organization in levels similar to those found in-vivo poses another interesting challenge.
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Moreover, there is also a lack of research in the interaction of these biomaterials with cells
and the comparison with other polymer/CaPs. The following section focuses on cell-material
interactions, particularly for the case of calcium phosphates. The link between osteoinduction
and osteoclast resorption will be mentioned as well.

1.7 Cell-material interaction in CaPs

The interaction between a biomaterial and the surrounding tissue plays an important role
in the success of a regenerative strategy. When a biomaterial is implanted, the homeostasis of
the body is always disrupted and the implant is recognised as a foreign body by the immune
system, leading to a cascade of effects (foreign body response). Control over the inflammatory
response could play and important role in bone tissue engineering, due to the intimate rela-
tion between bone and the immune system [92]. This was studied by Liu X-H and colleagues,
who demonstrated that the inflammatory cytokines Interleukin-6 (IL-6) and Prostaglandin (E2)
regulate osteoclast differentiation and resorption [93]. As a consequence, it may be possible to
engineer biomaterials, in particular CaPs, to drive this immune response toward osteogenesis,
obtaining osteoinductive CaPs.

Although many osteoconductive CaPs has been studied and used in the clinic [94], the same
cannot be said of osteoinductive CaPs. Nonetheless, more and more investigations are done
trying to make this property a characteristic of CaPs and several authors have noticed the
ability of some CaPs to induce the novo bone formation. For example, different groups have
shown the osteogenic ability of OCP coatings in vivo. In particular, F. Barrère el al., demon-
strated that the microporous structure on OCP induced bone formation [95]. P. Habibovic and
colleagues also shown that Ti implants biomimetic coated with OCP were osteoinductive [58].
Furthermore, some research groups have shown that CaPs have to meet specific requirements
regarding their macro- and microstrusture, as well as their chemical composition in order to be
osteoinductive [5].

Trying to explain the relationships between CaPs characteristics and osteoinduction, diverse
theories have been developed. Basically, these theories have been divided into two kinds: the
ones that support that osteoinduction is related to physicochemical properties of materials
and the ones that aim that osteoinduction is influenced by structural/topographical features.
The discussion of these theories exceeds the purpose of this thesis and the reader is invited to
consult [92] for a nice review of them. Interestingly, there is some support that microstructured
CaPs stimulate osteoclast formation before new bone formation, proposing that osteoclasts
may play an important role in osteoinduction [92]. Y. Shiwaku et al. studied if the chemical
composition and the microstructure of BCPs had any influence in osteoclasts differentiation
and de novo bone formation in vitro. They found that osteoclasts differentiation was affected
by increasing the HA content of BCPs, while the presence of micropores did not affect it.
Furthermore, the composition of the BCP not only influenced the differentiation of osteoclast,
but also their ability to secrete clastokines that induced bone formation [96]. Similarly, but in
vivo, N. Kondo and colleagues observed that purified β-TCP implanted in dog dorsal muscles
was resorbed by osteoclasts and led to new bone formation [97]. Also in vivo, N. Akiyama and
co-workers implanted porous calcium-deficient hydroxyapatite in the dorsal muscles of dogs
and rats. After two weeks of implantation, they observed a great amount of TRAP-positive
multinucleated cells and new bone formation after four days. However, in the rat samples only
a few number of osteoclast were found and no bone formation was observed after 6 weeks,
indicating that osteoclast formation could be one of the main factors to induce osteoinduction
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[98]. This section will finish by examining the osteoclast resorption of calcium phosphates in
more of detail.

1.7.1 Osteoclast resorption of calcium phosphates

Although a brief introduction to osteoclasts has been presented previously, it is considered
important to study them in more in detail to understand how osteoclasts resorption of calcium
phosphates is produced.

Osteoclasts are multinucleated giant cells that are formed by the fusion of mononuclear
monocyte/macrophage precursors and the activation of tartrate-resistant acid phosphatase
(TRAP) enzyme. However, for these precursors to differentiate into osteoclasts, they need
the influence of macrophage colony stimulating factor (MCSF) and receptor activator NF-κB
ligand (RANKL), which are supplied by osteoblasts (RANKL is expressed in osteoblast mem-
brane). During this differentiation process, osteoblasts also secrete osteoprotegerin (OPG), a
decoy receptor for RANKL to control the formation of osteoclasts [99].

As explained previously, osteoclasts are responsible for bone mineral degradation (bone
resorption). It has been demonstrated in vitro that osteoclasts degrade CaPs in a very similar
way to bone mineral. In brief, osteoclasts attached to the substrate start to secrete acidic
substances and proteolytic enzymes, such as cathepsin K. While the acidic environment (pH
= 4 or 5) is responsible for HA dissolution, protease action is needed to hydrolise the matrix
proteins, such as collagen. [45] [92] [99].

However, in vivo, CaPs can be resorbed both by cells (osteoclasts and macrophages) and
passively (dissolution, erosion or fragmentation). Cell resorption versus dissolution processes
of CaPs depend on the chemical and physical composition of CaPs [92]. The influence of these
properties was shown by Yamada et al., who studied how the Ca/P ratio in HA/β-TCP in-
fluenced osteoclastic resorption. In a first approach, they concluded that solubility influences
osteoclast behaviour: the higher the HA/β-TCP ratio, the lower the solubility as TCP is more
soluble than HA. By comparing BCP with different HA/β-TCP ratios with pure β-TCP, they
showed that that osteoclastic resorption in HA/β-TCP with 25/75 ratio was higher than HA/β-
TCP with 75/25 ratio, demonstrating that resorption decreased with increasing HA fraction.
They also compared HA/β-TCP with 25/75 ratio with pure β-TCP (that has higher solubility
than HA/-beta-TCP). From the previous finding, they expected TCP to show higher resorption
than BCP. However, they observed the contrary. This was explained by the fact that in the
resorption cycle of osteoclast (resorption/migration), the shift between the resorption phase
and the migration one occurred earlier on β-TCP than on BCP [100]. As a consequence, they
finally concluded that the amount of calcium and phosphate ions in the environment may play
a critical role in the osteclasts behaviour, showing that cellular resorption does not have to
follow necessarily the same trend that physicochemical dissolution of CaPs [44].

Surface architecture of CaPs also plays a relevant role in osteoclast resorption. Noel et al.
studied how osteoclast resorption of β-tricalcium phosphate could be controlled by modifying
the surface architecture. In particular, they cultured human peripheral blood monocytes on the
surface of two TCPs with submicron- or micron-scale and differentiated them to osteoclasts.
It was found that the TCP with submicron-scale promoted resorption of osteoclasts, while the
micron-scale surface did not allow either the survival or resorption of osteoclasts. [35] [101]. S.
Patntirapong and colleagues also demonstrated that mammalian osteoclasts respond to Co2+
extracted from a CaP substrate, which stimulated osteoclast formation and activation [102].

12



CHAPTER 1. INTRODUCTION

1.8 Motivation of the project

Bone tissue has a high capacity of regeneration, which allows fractures to heal without the
need of surgical intervention. However, it is only capable of doing so for defects under a critical
size. One of the joints most commonly affected is the hip [4].

Although hip implants have a good performance in short term, they may fail due to loos-
ening of the implant in long term. To avoid it, plasma-sprayed coatings of calcium phosphate
have been developed, obtaining coatings with similar composition to the mineral phase of bone
tissue. Nevertheless, due to the shortcomings previously described, a switch to techniques that
provide coatings with better performance, such as biomimetic coatings, is needed. In an effort
to better mimic the composition of bone, a thin collagen layer on top of these biomimetic CaP
coatings can be added. Nonetheless, the native ECM bone structure is still missing.

The goal of this project is to evaluate the biological performance of a material that more
closely mimics bone tissue, comparing it to current biomimetic coatings; namely, a biomate-
rial composed of the same “unit cell” than bone tissue is made of: a collagen fibril showing
intrafibrillar mineralization. By improving the similarity with native tissue, the performance
and interaction with the surrounding tissue are expected to increase. To assess this, the resorp-
tion potential of the material will be evaluated, the hypothesis being that a PILP-mineralized
collagen should be more readily resorbed than conventional CaP coatings.

What is presented here is a collagen/CaP coating synthesized using the PILP process. In
brief, it is possible to create a thin collagen coating and mineralize it in a PILP solution, ob-
taining coatings that are very close in composition and structure to native bone.

Following the resorption study, attempts were made to micropattern this collagen/CaP
coating obtained previously. The rationale of this micropatterning is based on the fact that by
having a particular pattern of collagen/CaPs, it is possible to control cell morphology, growth
and even differentiation. As a consequence, a micropatterned collagen/CaP coating made, for
instance, on a hip implant would allow to direct osteoclastic resorption and potentially guide
osseointegration.
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Chapter 2: Materials and methods

2.1 Sample preparation for osteoclast resorption of calcium
phosphates

2.1.1 Calcium phosphate solutions

Two calcium phosphate coatings were prepared on standard tissue culture polystyrene mi-
croplates, one yielding mainly an HA phase, and another yielding mainly an OCP phase. The
HA coating is obtained in a two-step incubation, with the first solution depositing a thin
amorphous coating, and the second forming globular HA crystals. Both these solutions are
modifications of a 5x concentrated SBF, with slight modification, and incubation with either
of them was for 24 hours at 37◦C in a incubator (100% humidity, 5% CO2). The preparation
of the solutions is described below:

(a) 5xSBF (A): This solution is a modification of a 5x concentrated Simulated Body Fluid
(SBF) from Kokubo et al. [103], without the potassium (K+) and sulfate (SO2−

4 ) ions,
and also without Tris buffer. The required amount of milliQ water was poured in a beaker
while stirring with a magnetic bar and with temperature was set to 37◦C. The required
amount of NaCl (Sigma-Aldrich, USA), MgCl2·6H2O (Sigma-Aldrich) and CaCl2·2H2O
(Sigma-Aldrich) were dissolved in milliQ water in this order, obtaining a solution with
684.46 mM NaCl, 7.48 mM MgCl2·6H2O and 12.53 mM CaCl2·2H2O. Then, CO2 was
diffused in the solution until pH dropped to 4. Afterwards, Na2HPO4·2H2O (Sigma-
Aldrich) and NaHCO3 (Sigma-Aldrich) were added to the solution while still bubbling
with CO2, obtaining a solution with a concentration of 5 mM Na2HPO4·2H2O and 10.47
NaHCO3. The total volume of solution was completed by adding milliQ water. Bubbling
with CO2 was continued until pH dropped below 6.2. Once pH was below 6.2, the solution
was added to the samples.

(b) 5xSBF (B): This solution is similar to 5xSBF (A), but the concentration of magnesium
(Mg2) and carbonate ions (HCO−

3 ) is less, as they are known as crystal growth inhibitors.
The required volume of milliQ water was poured in a beaker while stirring and with
temperature set to 37◦C. By adding the required amount of chemicals, we obtained a
solution of 684.46 mM of NaCl, 1.48 mM of MgCl2·6H2O and 12.53 mM of CaCl2·2H2O.
Then, CO2 was diffused in the solution until pH dropped to 4. Afterwards, the required
amounts of Na2HPO4·2H2O and NaHCO3 were added to the solution while still bubbling
with CO2, obtaining a concentration of 5 mM Na2HPO4·2H2O and 10.47 mM NaHCO3.
The total volume of solution was completed by adding milliQ water. Bubbling with CO2

was continued until pH dropped below 6.2. Once pH was below 6.2, the solution was
added to the samples.

The OCP coating is also prepared following a two-step incubation method, where the first
incubation is in 2.5x concentrated SBF, yielding a thin amorphous coating, and the second step
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in a calcium phosphate saturated (CPS) solution containing only the ions necessary for OCP
precipitation. The preparation of solutions is described below:

(c) 2.5x SBF [102]: This solution was prepared by mixing a Tris buffer solution with two
stock solutions of calcium and phosphate ions precursors. First, the Tris buffer solution
was prepared (milliQ water with 50 mM of Tris base (Avantor Performance, USA), pH
was adjusted at 7.4 by adding 1M HCl (Sigma-Aldrich) at room temperature). A 25 mM
CaCl2·2H2O, 1.37 M NaCl and 15 mM MgCl2·6H2O solution (calcium stock solution)
was prepared at room temperature, by dissolving the required amount of chemicals in
the Tris buffer. Phosphate stock solution was made of 11.1 mM Na2HPO4·2H2O and 42
mM NaHCO3 in Tris buffer. In the last step, Tris buffer was mixed with phosphate and
calcium stock solution at a ratio of 2:1:1, in this order.

(d) CPS: This solution contained only the ions necessary for octacalcium phosphate (OCP)
precipitation. The required amount of chemicals were added into Tris buffer solution
(milliQ water with 50 mM of Tris base, pH adjusted at 7.4 by adding 1M HCl at room
temperature) in order to obtain a solution with final concentration of 0.14 M NaCl, 2.02
mM Na2HPO4·2H2O, 4.01 mM CaCl2·2H2O and 50 mM NH2(CH2OH)3. The solution
was prepared at room temperature [102].

(e) PILP solution: PILP solution was prepared as explained in [20]. Briefly, a Tris-saline
buffer was made by dissolving 50 mM Tris-base and 150 mM NaCl in milliQ water. The
pH was then adjusted to 7.3 (at room temperature) using 1M HCl. Note that the pH
becomes 7.4 at 37◦C. This Tris-saline buffer was used to prepare 9 mM CaCl2 and 4.2 mM
K2HPO4 as a Ca and P precursor solutions, respectively. Poly(L-aspartic acid sodium
salt) (pAsp, 27 KDa, Alamanda Polymers, USA) was then added to the 9 mM CaCl2
solution to obtain a concentration of 100 µg/mL in the final volume of PILP solution.
Finally, equal volumes of the 9 mM CaCl2 solution (containing the polyaspartic acid) and
4.2 mM K2HPO4 were mixed, and solution was added to substrates.

The ionic concentration of each mineralization solution is shown in Table 2.1. Note that all
the solutions were filtered with a 0.2 µm filter inside a sterile hood before preparation of the
coatings.

Ionic concentration (mM)

Ions Blood plasma SBF 2.5x SBF Rainbow A Rainbow B CPS PILP

Na+ 142 142 358.55 733.5 733.5 140 150
K+ 5 5 - - - - 8.4

Mg2+ 1.5 1.5 3.75 7.5 1.5 - -
Ca2+ 2.5 2.5 6.25 12.5 12.5 4.0 9
Cl− 103.8 148.4 362.5 721 721 144 178

HPO2−
3 1 1 2.775 5 5 2 -

SO2−
4 0.5 0.5 - - - - -

HCO−
3 27 4.2 10.5 21 10 - -

Table 2.1: Ionic concentration of CaP coating solutions.

2.1.2 Collagen membrane mineralization

In order to verify if the PILP solution was prepared correctly, a mineralization experiment
was performed with a commercial collagen membrane, consisting of type-I fibrillar collagen
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(MatrixMem, Collagen Matrix, USA). In this experiment, three different concentrations of pAsp
were tested: 0, 50 and 100 µg/m. Furthermore, the experiment was divided in two: one with
medium refreshment, and the another without medium refreshment. Collagen membrane pieces
(≈ 2x3 mm) were weighted, added to a 15 mL of the PILP solution (prepared as explained
in previously) and incubated at 37◦C for different times. For each pAsp concentration and
timepoint, three replicas were prepared. The refreshment experiment was run for 7 days, with
refreshment of the PILP solution at day 2 and 5. At day 7, samples were removed from the
PILP solution, blotted with filter paper, weighted, freeze-dried for 24h and stored at -25◦C. In
the case of the no refreshment experiment, samples were incubated for different time-points: 3,
7 and 14 days for 50 and 100 µg/mL of pAsp. Samples without pAsp acid were incubated only
for 14 days. After the incubation time, samples were blotted with filter paper, weighted, freeze-
dried for 24h and stored at -25◦C as in the refreshment experiment. Controls were membrane
pieces freeze-dried for 24h without any incubation. Quantification of mineral content in collagen
membranes was measured by thermogravimetric analysis (TA Instruments Q500).

2.1.3 Optimization of Collagen coating (for PILP process)

In order to obtain a homogeneous collagen coating, to be mineralized with the PILP solution,
a series of experiments were performed. As explained in the Introduction, collagen fibrils with
the characteristic 67 nm banding are required to obtain intrafibrillar mineralization, as crystals
form in the gaps between collagen molecules.

(a) To obtain the collagen fibres, collagen type I from rat tail (Thermo Fisher Scientific)
was dissolved in a fibril formation buffer (FFB), at the concentration of 20, 100 or 500
µg/mL. FFB consists of 10 mM NaH2PO4 (Sigma-Aldrich) with different concentrations
of NaCl (100, 200 or 400 mM) to test the ionic strength influence on fibre assembly. Each
collagen concentration was dissolved with the three different concentrations of NaCl, so
in total, 9 different conditions were obtained. Collagen solutions were incubated for 24h
at RT to allow fibril formation and an aliquot of each suspension was dispensed on a
SEM stub, left for 1h at RT to have collagen fibril deposition and subsequently washed.
Samples were sputter coated with iridium (2 nm, Cressington sputter coater 108 auto)
before imaging with SEM (Teneo, FEI, USA). From this experiment, the three conditions
that gave the best results (100 µg/mL in FFB-200 1, 100 µg/mL in FFB-400 and 500
µg/mL in FFB-400) were chosen for further optimization.

(b) For each of these three conditions, a coating with different number of layers was prepared,
by sequential deposition of the same solution. The three different collagen solutions were
prepared and incubated during 24h at RT to allow fibril formation, as done previously.
After the incubation time, TCPS pieces of ≈1 cm2 were coated with 3, 6 or 9 layers of each
of the three collagen solutions. For each collagen layer, 100 µL of solution were placed
on top of a TCPS piece and incubated for 30 min at RT to allow the fibrils to deposit.
Afterward, samples were briefly washed with MilliQ water and prepared for SEM. As this
attempt did not produce a homogeneous coating, a different approach was followed.

(c) In this case, a two-step collagen coating was performed in TCPS. The first coating deposits
a thin, non-fibrillar layer of collagen on the TCPS surface, to ameliorate the adhesion of
collagen fibres on the substrate. It was prepared by diluting collagen stock solution (3
mg/mL) to 50, 100 or 500 µg/mL, in 20 mM acetic acid, and covering the substrate for 1h
at RT. Solution was gently aspirated before the second incubation. The collagen solutions

1From now on, unless indicated the contrary, FFB will be assumed to be composed of 10 mM NaH2PO4 and
200 or 400 mM NaCl (FFB-200 or FFB-400 respectively.)
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used for the second step were the ones prepared in FFB, as described above. In this case,
three different conditions were studied: 100 µg/mL of collagen diluted in FFB-200 (100-
FFB-200), 500 µg/mL of collagen diluted in FFB-400 (500-FFB-400) and 2000 µg/mL of
collagen diluted in FFB-400 (2000-FFB-400). Collagen solutions were prepared, added to
the pre-coated TCPS and incubated for 24h at RT to allow collagen fibril formation and
deposition. Furthermore, an extra-condition was studied: 100 µg/mL of collagen diluted
in FFB-200 was incubated 24h at RT in a tube and then added to the TCPS for 1h to
allow fibril deposition (this sample was called 100-FFB-200-b). Samples were analysed
by SEM and immunostaining.

Observation of collagen banding pattern and confirmation of intrafibrillar mineralization of
collagen was done by TEM (Tecnai G2 Spirit, FEI, USA).

2.1.4 Preparation of substrates for cell culture

The main aim of this experiment was to study how different CaPs coatings affected osteoclast
resorption of CaPs. To evaluate it, a variety of measurements had to be performed: TRAP
and actin staining, quantification of TRAP activity and DNA amount, and SEM. Depending
on the nature of these measurements, substrates had to be prepared in different way. To assess
TRAP and actin staining, or TRAP activity and DNA quantification, 24 and 48-well plates
were used, respectively. In the case of samples for SEM, TCPS pieces of ≈1 cm2 were used as
substrate. Each TCPS piece was placed in a well of 24-well plate.

Five different substrates were studied:

(a) TCPS: polystyrene for cell culture without any modification was used as a control.

(b) Hydroxyapatite coating:prepared from 5xSBF (A) and (B) as described in section
2.1.1.

(c) Collagen coating: prepared with the two-step method for collagen coating, as described
in section 2.1.3 (c). For the first step, consisting of a thin coating, a collagen solution of
100 µg/mL of collagen diluted in 20 mM acetic acid was used. 200 µL/well were added
to 24-well plates, and 150 µL/well were added to 48-well plates. For the second step,
entailing collagen fibre formation, a collagen solution of 500 µg/mL in FFB-400 was used.
500 µL/well of the solution were used for 24-well plates and 300 µL/well for 48-well plates.
This second solution was incubated at 37◦C for 48h, with a refreshment at 24h.

(d) PILP-mineralized collagen: Before adding the PILP solution, wells were coated with
collagen in way described above for collagen coatings on TCPS. Afterwards, PILP solution
was added to each well plate (1.3 mL/well in 48-well plates and 2 mL/well in 24-well
plates) for 3 days and incubated at 37◦C.

(e) Hydroxyapatite + collagen coating: this coating was prepared by first coating with
hydroxyapatite (section a) followed by coating with collagen (section c).

All samples were rinsed and stored with PBS at 37◦C until their use (no more than 3 days).
Surface morphology of the samples was analysed by Scanning Electron Microscopy (XL-30,

Philips, Netherlands or Teneo, FEI, USA). Before observation, samples were sputter coated
with gold for 30 seconds in argon atmosphere (XL-30), or sputter coated with a 2nm iridium
layer (Teneo). Calcium phosphate phases were identified by X-ray diffraction (XRD) with a
D2 Phaser diffractometer (Bruker, Netherlands). Data from XRD measurements was analysed
with the DIFFRAC.EVA software.
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2.2 Cell culture

Murine macrophage cell line RAW 264.7 (ECACC 91062702) was cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, USA) with high glucose, GlutaMAXTM supplement,
pyruvate, and supplemented with 10% FBS and 1% penicillin/streptomycin; cells were cultured
at 37◦C in a humidified atmosphere, with 5% of CO2. Culture medium was replaced every 2
days unless otherwise indicated. When cells reached 70-80% confluence, they were detached
by scraping. In all the experiments described herein, RAW 264.7 were seeded at the maximum
density of 20000 cells/cm2. For differentiation into osteoclasts, RANKL from mouse (Sigma-
Aldrich or Peprotech) was used. Cell density, passage and RANKL concentrations are indicated
in each particular experiment.

2.2.1 Cell density optimization

This experiment, together with the RANKL optimization experiment, were preliminary
studies to find the best conditions (cell density, RANKL concentration and timepoint with
highest TRAP activity) for the osteoclast resorption of CaPs experiment. To find the optimal
cell density, cells were seeded at 1500, 2500, 4000, 5000, 10000, 15000 and 20000 cells/cm2 in
24-well plate. Cells were cultured with basic medium and differentiation medium (50 ng/mL of
RANKL). Three replicas for each condition were used. Cells were used at passage 9 and cultured
for 6 days (for 1500, 2500, 4000 and 5000 cells/cm2) or used at passage 10 and cultured for
7 days (5000, 10000, 15000 and 20000 cells/cm2). After that, cells were stained for TRAP
enzyme.

2.2.2 RANKL concentration optimization

In parallel with the previous experiment, the effect of RANKL concentration was studied.
We were also interested on finding if CaP coatings had any influence in the differentiation
process of the cells. To do so, cells were cultured in TCPS and HA coatings with different
RANKL concentrations. To optimize all these parameters, three different experiments were
performed:

(a) First trial: cells were seeded at 20000 cells/cm2 in 24 and 48-well plate (depending on
the characterization technique).Half of the wells of each well plate were HA coated to
evaluate the influence of CaPs in the differentiation of the cells. Five different RANKL
concentrations were studied: 0, 10, 30, 40 and 50 ng/mL and timepoints were chosen to
be 3, 4, 5 and 7 days. At each timepoint, TRAP staining, TRAP activity and DNA quan-
tification were performed. For TRAP staining, 3 replicas per condition were considered,
while for TRAP activity and DNA quantification 4 replicas were used. Cells were used
at passage 8 and RANKL was from Sigma-Aldrich.

(b) Second trial: in this case, 10000 cells/cm2 were seeded in each well. The rest of the
layout of the experiment was very similar to the first, but in order to reduce the size
of the experiment, the amount of timepoints (3, 5 and 7 days) was decreased. RANKL
was used at the concentration of 0, 30, 50 and 100 ng/mL. The RANKL concentration
was increased to 100 ng/mL because at day 4 no differentiation of the cells was observed
in the first trial. Differentiation of osteoclast was assessed with TRAP staining, TRAP
activity and DNA quantification. In this experiment, cells were used at passage 10 and
RANKL was from Sigma-Aldrich.

(c) Third trial: as there was no significant differentiation of cells in the first two trials, the
RANKL used in this trial was from Prepotech. This company was chosen based on the
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bibliography [106] [35]. In this case the concentration of RANKL was 0 , 30, 40, 50 and
100 ng/mL. At day 3, 4, 5 and 7, cells were stained for TRAP enzyme. Cells were used
at passage 13 and with a seeding density of 4000 cells/cm2.

2.2.3 Osteoclast resorption of CaPs

RAW 264.7 (at passage 8) were seeded at the density of 4000 cells/cm2 in the substrates
described in section 2.1.4. After 4h in culture to allow cell attachment to the substrates, medium
was refreshed or substituted by differentiation medium. The differentiation medium had 100
ng/mL RANKL. Based on the previous experiments (cell density and RANKL concentration
optimization) timepoints were chosen to be 5 and 7 days. After each timepoint, samples were
assessed by TRAP and actin staining, resorption (SEM) and quantification of TRAP activity
and DNA amount. Depending on the assay performed, the number of samples and the controls
chosen were different. In this way, for TRAP and actin staining, two replicates per condition
were used and controls were cells cultured in the different substrates without RANKL. For
resorption area (SEM), also two replicates per condition were chosen, and controls were samples
incubated with medium and no cells, to see if the morphology of the substrates was altered
because of the medium. Finally, for quantification of TRAP activity and DNA amount, four
replicas per condition were used, with controls consisting of TCPS and HA + collagen incubated
in medium without cells. To clarify the experimental layout, a scheme is shown in Figure 2.1.

Figure 2.1: Layout of the osteoclast resorption of CaPs experiment. Different colours represent different
coatings. The three intensities of these colours represent three different conditions: lighter colours mean
that only medium without cells was added to the wells, strong intensity indicates cells were cultured
with medium and patterned colours mean that RANKL was added to the medium. White wells were
not used. (A) Layout of the 24-well plate for TRAP/actin staining. (B) Layout of the 24-well plate
for resorption (SEM). (C) Layout of the 48-well plate for TRAP activity/DNA quantification.

2.3 Cell differentiation and CaPs resorption characteriza-
tion

2.3.1 Tartrate resistant acid phosphatase (TRAP) staining

For TRAP staining the Leukocite Acid Phosphatase Kit from Sigma was used. After the
indicated time-points, cells were fixed with warm 4% paraformaldehyde (PFA) (Sigma-Aldrich)
and 0.1% Triton (VWR) in PBS for 10 min and rinsed with PBS. After that, 200 µL of TRAP
solution were added to each well (24-well plate) and incubated for 1h at 37◦C. TRAP solution
was prepared following the protocol from the kit. In brief, for a total of 12 mL of solution,
10.9 mL of milliQ water were added to a 15 mL tube followed by the addition of 0.242 mL of
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Diazotized Fast Garnet GBC Solution (formed by mixing equal volumes of Fast Garnet GBC
Base Solution and Sodium Nitrite Solution). Then, 0.121 mL of Naphtol AS-Bi Phosphoric
acid solution, 0.484 mL of Acetate solution and 0.242 mL of Tartrate solution were also added
in this order. Samples were finally washed with PBS and imaged in the microscope.

2.3.2 DAPI/Phalloidin staining

After TRAP staining, samples were rinsed with PBS. Afterward, 200 µL of blocking buffer
(5% BSA in PBS) were added to each well and incubated at RT during 30 min. Blocking
buffer was removed and 200 µL of Phalloidin (Biotium) (1:200 dilution) were added to each
well and incubated at RT for 30 min in a plate shaker (50 rpm). Samples were then washed
three times with PBS, followed by the addition of 200 µL of DAPI (Sigma-Aldrich) solution
(1 µg/mL diluted in PBS) to each well and incubated at RT for 20 min in a plate shaker (50
rpm). Finally, samples were washed 3 times with PBS and left with PBS and stored at 4◦C in
the dark until imaging.

2.3.3 Quantification of TRAP activity and DNA amount

Quantification of TRAP activity and DNA amount were assessed following the protocol
described by [101]. At each timepoint, cell culture medium was aspirated and wells were
washed two times with PBS. After that, PBS was removed and well plates were frozen at -30◦C
until their use. At the end of the experiment, the well plates of the different timepoints were
thawed and cells were lysed in a cell lysis buffer. This lysate was composed of 100 mM sodium
acetate (Sigma-Aldrich) and 0.1% of Triton X-100, pH was adjusted to 5.8 with 1M HCl. This
buffer was used for both DNA quantification and TRAP activity. 250 µL of cell lysis buffer
were added to each well and plates were frozen and thawed twice to break the cell membrane
mechanically.

For TRAP activity quantification, TRAP buffer was prepared. This buffer was made of 10
mM sodium tartrate, 100 mM sodium acetate, 150 mM potassium chloride (KCl), 1 mM ascorbic
acid, 0.1 mM iron (III) chloride (FeCl3) and 0.1% Triton X-100 (all reagents from Sigma-
Alrdich). Solution phosphate precursor, p-nitrophenyl phosphate (pNPP) (Sigma-Aldrich) was
added to this buffer, at the concentration of 10 mM. 130 µL of this TRAP buffer + pNPP were
pipetted into each well of a 96-well plate. When cell lysis was finished, 20 µL of lysate were
added into each well, followed by 1h incubation at 37◦C to allow the conversion of pNPP to
p-nitrophenol (pNP). A calibration curve of p-nitrophenol (pNP) was also prepared to correlate
absorbance with pNP concentration. pNP standards were obtained diluting the pNP in TRAP
buffer at 0, 0.05, 0.1, 0.2 and 0.5 mM Afterwards, the reaction was neutralized adding 100 µL of
0.3 M NaOH (VWR) to each well, converting the reaction product to p-nitrophenolate. Finally,
absorbance was read at 405 nm by using a microplate reader (CLARIOstar, BMG LabTech).
For DNA quantification, CyQuant assay kit from Sigma-Aldrich was used. In brief, 200 µL of
cell lysate were pipetted into a glass-bottom black well plate and FR dye reagent was added
to the appropriate concentration (1:200 dilution in lysis buffer). A standard curve was also
used to correlate DNA amount with fluorescence intensity. In this case, bacteriophage DNA
at the concentration of 1.0 µg/mL was diluted to 0, 50, 200, 600 and 1000 ng/mL in GR/lysis
buffer. Fluorescence intensity was measured by using a microplate reader with filters for 480
nm excitation and 520 nm emission.

2.3.4 Cell morphology and CaPs resorption

To assess cell morphology and resorption area, samples were imaged with SEM. In the case
of cell morphology assessment, after each timepoint, cell medium was removed and cells were
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fixed with 4% PFA with 0.1% Triton X-100 during 10 min at RT. For studying resorption,
cells were removed from the substrate using a buffer made of 1M NaCl and 0.2% Triton X-100
in dH20. Samples were incubated with this buffer 5 min at RT, followed by a washing with
water two times to remove all the salts. After that, all samples were conserved in PBS and
dehydrated in a graded ethanol series (from 40 to 100%), incubating the samples 30 min at RT
at each ethanol concentration. Samples were finally immersed in hexamethyldisilazane (HMDS)
(Sigma-Aldrich) for 30 min and dried overnight. TCPS pieces were then mounted on metal
stubs for SEM and gold coated for 30 seconds in argon atmosphere.

Osteoclast size was measured by using imageJ, by measuring the area manually. Cells whose
area was higher than 200 µm2 were considered osteoclasts [35].

2.4 Sample preparation for micropatterning

2.4.1 PDMS moulds

Micropatterned silicon wafers (silicon master templates bearing the desired topographic fea-
tures) were fabricated using standard photolithography. Polydimethylsiloxane (PDMS) (Syl-
gard 184 kit, Dow Corning, USA) moulds were obtained by casting the PDMS mixture (10:1
of base to curing agent) on the silicon master. PDMS was poured onto the silicon master and
degassed under vacuum at room temperature. The degassed PDMS was then cured at 80◦C
for 2h and allowed to cool down to room temperature. Afterwards, the PDMS was peeled and
cut manually.

2.4.2 Extraction of the oligomers from the PDMS

In order to extract the uncrosslinked PDMS oligomers from the moulds, a protocol described
elsewhere [104] was followed. Briefly, moulds were immersed in a sequence of three solvents
(triethylamine, ethylacetate, acetone – Sigma-Aldrich), each for 2 hours at room temperature.
After the extraction process, samples were dried at 60◦C for 4h. PDMS moulds were weighted
before and after the extraction process and the weight percent loss was calculated.

2.4.3 Hot-embossing of polystyrene films

Depending on the desired structure to be embossed (micropatterned or flat PS) a micropat-
terned PDMS mould (parallel channels of 80 µm width and 4.1 µm height), or flat PDMS was
placed against a PS film. A glass slide was placed on top and on bottom of the PDMS-PS
assembly, with a PTFE piece between PS and glass, and the whole assembly was subjected to
pressure by binder clips positioned in the middle. This assembly was introduced in the oven at
130◦C for 1h. Samples were then removed from the oven and cooled down at room temperature.
When samples were cooled, the structures were disassembled and the desired PS was obtained.

2.4.4 Plasma treatment

When hydrophilic surfaces were necessary, plasma treatment was applied. To do so, PDMS
mould was placed against a flat silicon master and plasma treatment with O2 was done. The
plasma exposure time changed depending on the width and height of the channels. For instance,
channels from 20 µm up to 80 µm in width were treated for 10 min while channels narrower
than 20 µm were treated for 20 min. Surface treatment of PS was done with O2 too, but only
for 2 min. It is important to remark that in order not to lose the activated surfaces due to
hydrophobic recovery, treatment was done at most 30 min before the use of the sample.
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2.4.5 Microcontact printing (µCP)

Microcontact printing was attempted to obtain a collagen micropattern on a flat PS. A
modification of the protocol reported by H. Yu et al. [105] was used. In summary, 5% wt. PVA
(Sigma-Aldrich) in 20 mL of milliQ water was left at room temperature overnight. Next, the
solution was stirred at 90◦C for 3h to dissolve PVA particles. The solution was then filtered and
poured into a glass Petri dish (80 mm in diameter) and dried at room temperature overnight,
in a horizontal laminar-flow cabinet, to allow film formation. Afterwards, PVA was removed
from the Petri dish and cut it manually in the desired shape. After PVA film formation, a
PDMS mould was immersed in collagen solution (50 µg/mL collagen diluted in PBS) for 1h
and blow dried with pressurized purified nitrogen gas. While PDMS was immersed in collagen,
PVA film was placed between two flat pieces of PTFE with a 50 g on top of it to ensure that
a flat surface was obtained. After 1h incubation, the inked PDMS was placed on the PVA
film for 20 min with a 50 g weigh on top, to ensure homogeneous contact. A flat PTFE piece
between the PDMS and the 50 g weight was placed to prevent them from sticking together.
The patterned side of the PVA film was then placed in conformal contact with the flat PS
substrate and incubated for 30 min with a 50 g weight on top. After that, PS-PVA was washed
3 times with PBS (the two first time 5 min and the last one 1h) to dissolve and wash away the
PVA film. Samples were kept in PBS (Sigma-Alrdich) until their use. A scheme of the µCP
work-flow is shown in Figure 2.2.

Figure 2.2: Schematic work-flow of µCP [105].

Collagen micropatterning on PS obtained by microcontact printing was evaluated by im-
munohistochemistry (IHC). First, PBS was removed from the samples, followed by an incuba-
tion of the samples with blocking buffer, 5% BSA (VWR, USA) in PBS for 30 min at room
temperature. Afterwards, samples were incubated with primary antibody (mouse anti-collagen
1:500 diluted in wash buffer) for 1h at room temperature. Wash buffer was 0.5% BSA in PBS.
After one hour incubation, samples were washed three times with wash buffer, followed by incu-
bation with the secondary antibody (anti-mouse AF-568 from Invitrogen 1:500 diluted in wash
buffer). Then, samples were rinsed three times with wash buffer, and mounted on a glass slide,
with a drop of Mowiol mounting medium. Slides were dried overnight at room temperature.
Samples were imaged by Nikon microscope.

In Chapter 3 of the thesis only the results from this technique are shown. However, dif-
ferent techniques, protocols and modifications of them were tried. For further information see
Appendix A and B.
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Chapter 3: Results and Discussion

3.1 Collagen membrane mineralization

The PILP solution was tested by mineralizating commercial collagen membranes. Two
different concentrations of pAsp were used to investigate the effect of it in the mineralization
process. Thermogravimetric measurements were performed with a heating rate of 10◦C/min,
until reach 500◦C. Samples were heated at 500◦C during 100 min. Afterwards, the mineral
content of the samples was measured (Table 3.1).

Sample Mineral content (wt %)

Control (0d) 6.6 %
No pAsp, 7d 51.9 %

No refresh, 3d, 50 µg/mL pAsp 13.5 %
No refresh, 7d, 50 µg/mL pAsp 8.3 %
No refresh, 14d, 50 µg/mL pAsp 14.1 %
No refresh, 3d, 100 µg/mL pAsp 7.4 %
No refresh, 7d, 100 µg/mL pAsp 1 %
No refresh, 14d, 100 µg/mL pAsp 3.2 %

Refresh, 7d, 50 µg pAsp/mL 6.7 %
Refresh, 7d, 100 µg pAsp/mL 14.1 %

Table 3.1: Mineral content of PILP-mineralized collagen membranes.

Figure 3.1 shows TGA data of collagen membranes mineralized by PILP process without
refreshment of the solution, using 50 µg/mL (Figure 3.1 (A)) and 100 µg/mL (Figure 3.1 (B)).

Collagen membranes incubated with 50 µg/mL of pAsp had a final mineral content of
13.5% (day 3), 8.3% (day 7) and 14.1% (day 14). As a consequence, no clear differences where
observed between timepoints, indicating that 3 days were enough to mineralize the samples. In
the case of the collagen membranes incubated with 100 µg/mL of pAsp, the mineral content
after the measurement was 7.4% (day 3), 1% (day 7) and 3.2 % (day 14). In this case, it was
not possible to observe differences in mineral content between the timepoints. Interestingly,
no big variation in mineral content was observed between samples incubated with 50 µg/mL
of pAsp and samples incubated with 100 µg/mL, which may mean that the concentration of
pAsp did not influence the mineralization process. Moreover, the sample incubated without
pAsp showed a final mineral content of 51.9%, indicating that the pAsp is needed in order to
control the mineralization and avoid precipitation of CaPs in the collagen fibers. It can also be
observed that the graphs show three drastic weight losses. The fist one is about 100◦C, which
could correspond to the evaporation of water. Although the samples were freeze-dried, they
could absorb some humidity from the atmosphere during the preparation of the samples for the
measurement. The second drastic weight loss was found at 500◦C, that may be related with
the collagen decomposition. Finally, at 500◦C another big weight loss was observed. This is
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Figure 3.1: TGA of collagen sponges mineralized by the PILP process for 3, 7 and 14 days, without
refreshment of the solution, with (A) 50 µg/mL of pAsp and (B) 100 µg/mL of pAsp. Collagen control
without mineralization and collagen mineralized with PILP solution without pAsp are included in both
graphs.

probably related to the burning of most of the organic components in the sample. Furthermore,
in some cases, it is possible to see another drastic weight loss at the end of the measurement.
It is suspected that it could be related with the combustion of the pAsp. However, this loss is
not shown by all the samples.

Figure 3.2: TGA of collagen sponges mineralized by the PILP process for 7 days, with and without
refreshment of the solution, with (A) 50 µg/mL of pAsp and (B) 100 µg/mL of pAsp. Collagen control
without mineralization and collagen mineralized with PILP solution without pAsp are included in both
graphs.

Figure 3.2 show the comparison between the experiments with refreshment and without
refreshment of the PILP solution. Samples incubated for 7d with 50 µg/mL pAsp had 8.3%
(without refreshment) and 6.7% (with refreshment) mineral content. When using 100 µg/mL
pAsp, the mineral content after TGA was 1% in the sample without refreshment and 14.1% in
the refreshment ones. These results show that no differences in mineral content were observed
between samples with and without refreshment, indicating that the PILP solution was no sat-
urated after 7 days. In the samples with refreshment of the PILP solution, the same trend
that in the rest of the samples was observed, showing three drastic weight losses around 100◦C,
500◦C and 500◦C, which probably correlates to the evaporation of water and decomposition
and combustion of collagen, respectively.
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Furthermore, these results were compared with very similar measurements performed by
Sang-Soo Jee et al. [87]. As expected, they also observed three main drastic weight losses.
However, the weight losses of the collagen decomposition and combustion were moved to lower
temperatures compare to the results shown here. In particular, they found collagen decompo-
sition around 300◦C and collagen combustion around 450◦C. It is suspected that this difference
was due to the different heating rate used during the measurement, as they applied 5◦C/min,
while in this experiment a heating rate of 10◦C/min was used. Another possible explanation
could be the volume of PILP solution used, as they used 500 mL of PILP solution, while in
this experiment, 15 mL were used, which is a great difference.

From these results, it is possible to conclude that the concentration of pAsp at 50 and 100
µg/mL performed in the same way, showing that above 50 µg/mL the concentration of pAsp
did not influence the ability of the PILP solution for mineralization. However, it was found
that this pAsp acid was necessary to control the process. Moreover, no differences were found
between samples with refreshment and without it, indicating that at day 7, the PILP solution
was not saturated and still had ability to control the mineralization process.

3.2 Optimization of collagen coating

First trial

From the fist trial of collagen coating, the 9 different samples are shown in Figure 3.3.
Figure 3.4 shows collagen fibrils at higher magnification.

The main goal of this first trial was to find which collagen-FFB concentrations were able to
form fibrils with the characteristic banding pattern. From Figure 3.3, it is possible to observe
that collagen solutions with 100 µg/mL of collagen diluted in FFB-100, 500 µg/mL in FFB-
100 and 500 µg/mL in FFB-200 did not have sufficient ionic strength to form fibrils. In these
conditions, only few fibres were visible but without showing the characteristic banding. In the
case of 20 µg/mL collagen in FFB-200 fibril formation was achieved, however, this condition
was not chosen because of the low collagen concentration and the only reason to test this
condition was to see if with such a low concentration of collagen, fibres were able to form.
Regarding the three best conditions (100 µg/mL in FFB-200, 100 µg/mL in FFB-400 and 500
µg/mL in FFB-400), collagen fibrils were perfectly formed and furthermore, in the case of 100
µg/mL in FFB-200 and 500 µg/mL in FFB-400 quite homogeneous coatings were observed. It
is important to remark that in the cases where fibres were not seen, it could be probable that
some of them were washed away when rinsed with water after the incubation time to avoid salt
deposition, as it was observed that collagen did not attached easily to the stub substrates for
SEM. It is also suspected that homogeneous coating was probably formed in the condition 100
µg/mL in FFB- 400, as the ionic strength of the solution was enough to allow fibril formation
and deposition of these fibrils, but probably most of the fibres were, again, washed away. It is
interesting to mention that although all samples were washed in the same way, in some random
cases a great amount of collagen was washed away. It can be concluded that even though
the washing of the samples was effective as no salt deposition was observed, an optimization
of the washing process should be done in the future. Another interesting finding was that as
NaCl concentration was increased, collagen fibrils tended to aggregate and form thicker fibres
(see Figure 3.3). Nevertheless, that was not a problem, because the characteristic banding of
collagen, which is essential for PILP mineralization, was maintained.
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Figure 3.3: Formation of collagen fibrils at different concentrations of collagen (20, 100 and 500 µg/mL)
and different concentrations of NaCl (100, 200 and 400 mM) in the fibril formation buffer. Scale bar
3 µm.

Figure 3.4: Formation of collagen fibrils 100 µg/mL of collagen and 200 mM NaCl at x80000 magnifi-
cation. Scale bar 1 µm.

Second trial

The main aim of the second study was to test if it was possible to create a homogeneous
coating throughout the substrate. The three best conditions of the previous experiment were
selected, and a sequential deposition of several layers (3, 6 or 9 collagen layers) was attempted.
Figure 3.5 shows an overview in SEM of the different samples.

From this second experiment, it was expected that increasing the number of layers would
produce a more homogeneous coating. However, that was not the case and it was observed that
collagen fibres had a preference of deposition in places where there were already fibres. As a
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Figure 3.5: Collagen coatings with 3, 6 and 9 layers at different collagen and NaCl concentrations.
Magnification at x 50. Scale bar is 1 mm. The nomenclature x-FFB-y refers to "x" concentration
of collagen (µg/mL) diluted in FFB with a "y" concentration of NaCl (mM). Images provided by D.
Pereira.

consequence, collagen fibrils formed during the first layer deposition, probably acted as nucle-
ation points for the next layers, creating some collagen aggregates rather than new nucleation
points, as observed in most of the conditions in Figure 3.5. Moreover, it was also observed that
when removing the leftover of solution after 30 min incubation, a lot of fibrils were also removed,
which indicates that maybe 30 min were not enough to allow deposition and attachment of the
fibrils to the substrate. Another interesting finding was that in the 9 layers condition it seemed
that there was less collagen than in 6 or even 3 layers, which was not expected. This fact could
be explained by the washing of the samples after the coating, because after 9 layers of collagen
deposition, collagen aggregates were bigger and they could be more easily washed away than
in the case of, for example, 3 layers, where the collagen aggregates were less abundant. Salt
deposition was also observed in some samples, specially in the coating with 9 layers. It has to
be remarked that the coatings were done on TCPS pieces placed inside wells of 24-well plate.
The amount of collagen solution added on top of the TCPS pieces was enough to form a droplet
covering the top part of the substrates. However, in some cases, during the 30 min. incubation,
the droplet collapsed and spread all around the well, which lead to a lack of collagen on top of
the PS piece, as well as drying of the solution, resulting in salt precipitation between two addi-
tions of collagen. As a result, an optimization of this method for depositing collagen is needed.
For instance, it may be interesting to add different volumes of collagen solution on top of the
TCPS pieces and to have a compromise between the needed droplet volume and the collapse
of the droplet during the deposition time. Furthermore, improving the adhesion of the fibrils
to the substrate is also needed. This could be achieved by adding a thin non-fibrillar layer of
collagen on the TCPS surface before the deposition of the fibrils, as it was done in the third trial.
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Third trial

In this case, a two-step collagen coating was performed. First, a non-fibrillar layer of collagen
was deposited in order to improve the adhesion of collagen fibrils deposited afterwards. Samples
were characterized by immunostaining (Figure 3.6) and SEM (Figure 3.7).

Figure 3.6: Collagen immunostaining. The three columns represent the three different concentrations
of the collagen used for the first step of the coating. The rows make reference to the concentration of
collagen used in the second step of the coating. The nomenclature x-FFB-y refers to "x" concentration
of collagen (µg/mL) diluted in FFB with a "y" concentration of NaCl (mM).

From Figure 3.6, it can be deduced that the concentration of collagen used in the first step
of the coating did not affect the amount of collagen fibres deposited in the second step, as a
similar amount of collagen was observed in the three conditions. Furthermore, no big differences
were found between a collagen concentration of 100 µg/mL and 500 µg/mL for the second step
of the coating. Notice that two more conditions (2000-FFB-400 and 100-FFB-200-b) were also
studied, which are not shown in Figure 3.6 as non-homogeneous coatings were found. In the
case of 2000-FFB-400, it was observed that collagen formed a kind of gel and created and
agglomerate in some parts of the TCPS substrate. Regarding 100-FFB-200-b (remember that
in this condition, collagen solution was first incubated for 24h in a tube to allow formation of
fibrils and then this suspension was added to the substrate for 1h, instead of allowing formation
+ deposition of fibrils for 24h directly on the TCPS substrates, as in the rest of the conditions),
little amounts of collagen fibrils were observed in some parts of the substrate. These findings
were corroborated by SEM (see Figure 3.7).

Figure 3.7 (A) and (B) show 100-FFB-200 and 500-FFB-400, respectively. As already seen
in Figure 3.6, no differences were observed between both conditions. At higher magnification
(Figure 3.7 (C)), it was possible to see the collagen fibrils as well as some salts deposited
between them. Figure 3.7 (D) demonstrates that 1h of collagen deposition was not enough to
obtain a collagen layer, as only a few fibrils with salt deposition could be observed. Finally,
Figure 3.7 (E) and (F), verify that the collagen concentration of 2000 µg/mL was to high to
allow fibre formation, creating agglomerates of collagen in some regions of the sample.

It was concluded that the concentration of the first layer of collagen did not affect the
amount of collagen fibrils deposited in the second step of the coating. However, this first layer
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Figure 3.7: Collagen coating with two steps. In all the images the first thin coating was done at the
collagen concentration of 500 µg/mL. The second step of the coating was done at the concentration of
(A) 100-FFB-200. x50 magnification. Scale bar 1mm. (B) 500-FFB-400. x40 magnification. Scale bar
1mm (C) 500-FFB-400. x7698 magnification. Scale bar 5 µm (D) 100-FFB-200-b x50 magnification.
Scale bar 1mm (E) 2000-FFB-400. x40 magnification. Scale bar 1mm (F) 2000-FFB-400. x15400
magnification. Scale bar 2 µm.

was necessary to improve the attachment of the fibrils to the substrate. As a consequence, a
collagen concentration of 100 µg/mL was chosen for the thin coating of the samples for the
osteoclast resorption experiment. For the second step, 100-FFB-200 and 500-FFB-400 seem
to be the best conditions. Nonetheless, although most of the sample was covered by collagen,
a completely homogeneous coating was not achieved, as some TCPS regions were uncovered.
That could be improved by increasing the deposition time of the collagen. The conditions
chosen for the collagen coating of samples for the cell study were the highest concentration of
collagen (500-FFB-400), with a deposition time of 48h, and refreshing after 24h.

3.3 Characterization of the coatings

In order to characterize the collagen and CaPs coatings, different measurements were per-
formed. For the identification of the CaPs phases, XRD was used. As this coating was per-
formed in two steps, each step was analysed separately, as well as together. The XRD patterns
of the three coatings are shown in Figure 3.8. Note that to obtain this graph, processing and
analysis of the raw data was done (see Appendix C for more details).

5xSBF (A) is supposed to give an amorphous coating as the amounts of Mg2+ and HCO−
3 are

elevated (they are known as inhibitors of crystal growth). However, a sharp peak at 31.7◦ was
observed, which could correspond to one of the characteristics peaks of HA (211). Furthermore,
a small peak at 45.4◦ was also found. This peak perfectly matches with the NaCl spectra.
Interestingly, the sharp peak at 31.7◦ also matches with the NaCl spectra. The presence of
NaCl may be explained by the fact that 5xSBF (A) solution is mainly composed of NaCl, which
could precipitate and be deposited into the substrate during the coating process. However, this
is not probable, as the solution is not saturated with respect to NaCl. The presence of NaCl
could also have its origin in the drying process of the coating, if the washing did not remove
all ions.

5xSBF (B) solution contains the required amounts of ions to obtain an HA phase. In this
coating, peaks were found at 4.6◦, 9.3◦, 9.6◦, 16◦, 26◦, 27.3◦, 31.5◦, 31.6◦ and 45.4◦. All these
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Figure 3.8: XRD patterns of 5xSBF (A), 5xSBF (B) and 5xSBF (A + B).

peaks match the pattern of Ca8H12O29P6 (OCP). In particular, the characteristic peak of OCP
at 4.6◦ (100) is remarkable (see Appendix D to better see this peak). The peaks at 27.3◦, 31.6◦
and 45.4◦ could also correspond to the precipitation of NaCl.

In 5xSBF (A) + 5xSBF (B) coating, peaks were found at 9.3◦, 9.6◦, 16.1◦, 24.4◦, 26.1◦,
27.5◦, 31.8◦, 32.6◦, 33.7◦ and 45.6◦. As expected, the pattern of A + B was practically the
same than the 5xSBF (B).

The identification of the peaks with the OCP pattern was not expected, and might indicate
a mistake in the preparation of the solution for obtaining the coatings. Nonetheless, it seems
improbable, as similar XRD patterns were found in the 5xSBF (B) and the HA coating, which
were prepared separately. Moreover, the 5xSBF (B) solution was prepared at 37◦C, while in
the original protocol [66] temperature was set at 50◦C. As a consequence, that could be one
of the reasons why the peaks were identified with OCP instead of HA. It is also important to
take into account that the coatings measured in XRD where not washed with water between
the drying step and the measurement, because the coating could wash away from the flat Si
sample holder for XRD, which could explain the presence of NaCl. Furthermore, each time
that this kind of coatings are prepared, the conditions are never exactly the same (variations in
temperature, pH or weight of the salts are found). Nevertheless, if these variations are small,
they should not account for different phases.

Substrates for cell culture were also imaged in SEM, to verify if there was any visible
degradation or alteration to the morphology of the different substrates. Figure 3.9 shows
representative areas on the four different coatings used for the osteoclast resorption, previous
to the experiment and after, ageing for 7 days in culture medium.

No changes in morphology were observed, for all substrates. Interestingly, the HA coatings
show the typical morphology of HA (Figure 3.9 (A)) rather than the typical morphology of OCP
[102], where tiny crystals can be observed around the CaPs spheres. As added characterization
on the CaP coating, it would be interesting to measure the thickness of this coatings, as well
as surface roughness.

Regarding the HA + collagen coating, most of the sample had an aspect similar to the
one shown in Figure 3.9 (B), although in some regions was not possible to find a complete
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Figure 3.9: SEM images of the different substrates before (A, B, C and D) and after 7 days incubated
in culture medium (E, F, G, H). (A) HA coating before the experiment at x5000 magnification. Scale
bar 20 µm. (B) HA + collagen coating before the experiment at x1577 magnification. Scale bar 20
µm. (C) Collagen coatring before the experiment at x1995 magnification. Scale bar 20 µm. (D) PILP
coating before the experiment at x2581 magnification. Scale bar 20 µm. (E) HA coating at x1782
magnification. Scale bat 20µm. (F) HA + collagen coating at x1577. Scale bar 20 µm. (G) Collagen
coating at x1234 magnification. Scale bar 50 µm. (H) PILP coating at x1626 magnification. Scale bar
20 µm.

layer of collagen on top of the HA. The same fact was observed in the Collagen and PILP
coatings: a completely homogeneous layer of collagen was not achieved. Nevertheless, the
homogeneity of the coatings was increased compared to the samples coated with collagen for
24h in the "Optimization of collagen coating" (see Figure 3.9 (B, C and D) and Figure 3.7 (B
and C), indicating the efficiency of incubating the samples during 48h to allow fibril deposition.
Moreover, salt deposition was found in some samples, although is probably due to the sample
preparation for SEM (washing and drying). It was concluded that although further optimization
of the coating could be done, most of the substrates were successfully coated, in particular the
central area.

Finally, to verify the intrafibrillar mineralization of the collagen by the PILP process, sam-
ples were imaged by TEM (Figure 3.10).

Figure 3.10: TEM micrographs of collagen fibrils before and after mineralization with PILP solution.
(A) Non-mineralized collagen fibril. Scale bat 100 nm. (B) PILP mineralized collagen fibril without
pAsp. Scale bar 200 nm. (C) PILP-mineralized collagen fibril with 100 µg/mL pAsp. Scale bar 100
nm. Images provided by Daniel P.
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From TEM analysis, it was possible to confirm the characteristic banding of the collagen
fibrils (Figure 3.10 (A)). Moreover, collagen fibrils mineralized with PILP solution but with
no pAsp were also observed ((Figure 3.10 (B)), as well as fibrils incubated with PILP solution
((Figure 3.10 (C)). It was found that the pAsp was essential to orchestrate the mineralization
process of the collagen fibrils, because when no pAsp was used, agglomeration of calcium
phosphate was found all around the fibril. Interestingly, when pAsp was used, HA crystals
were observed between the bandings of the fibril as well as around it. To confirm intrafibrillar
mineralization, diffraction was tried. However, it was not possible to confirm the presence of
HA crystals.

3.4 Cell density optimization

The purpose of this experiment was to find which was the optimal cell density at seeding to
have RAW 264.7 cells in culture for 7 days without reaching confluence, and whether or not it
played a role in differentiation to osteoclasts. Cell densities at day 6 or 7 are shown in Figure
3.11.

Figure 3.11: Comparison of cell densities at the end of the experiment (day 6 or 7 depending on the
condition) at x10 magnification. Pictures of low seeding densities with and without RANKL are shown
in the first and second row, respectively. Pictures of high seeding densities are only shown with RANKL
condition in the third row. Numbers in each image represent the seeding cell density (cell/cm2). Scale
bar is 100 µm.

The first interesting fact from this experiment is that at day 7, wells seeded with more than
5000 cells/cm2 reached confluence as can be observed in the images of the last row in Figure
3.11. However, this over-confluence does not seem to affect the ability of macrophages to dif-
ferentiate into osteoclast as some of these cells can be observed in the images (bigger cells).
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Another interesting finding was that the presence of RANKL affected cell growth. First and
second row of Figure 3.11 show cell density at day 6 for the different seeding densities (values in
each image) with and without the presence of RANKL. Interestingly, the presence of RANKL
decreased cell growth and at day 6 it is possible to observe less cell density in the wells that
contained RANKL. This could be explained by the fact that when differentiation medium was
added to the cells, macrophages were forced to differentiate into osteoclast, preventing cells to
enter in the mitotic phase. Furthermore, by using 50 ng/mL of RANKL, not more than 20%
of the cells differentiated into osteoclasts, which was contradictory to the indications of the
company (the expected ED50 for osteoclast differentiation was ≤10 ng/mL, Sigma-Aldrich).
As a result, it was thought that culture medium may also influence the differentiation of the
cells. Actually, although the European Collection of Authenticated Cell Cultures (ECACC)
recommended culture medium for RAW 264.7 is DMEM, most of the differentiation experi-
ments in the literature done with this type of cells used α-MEM instead [106] [35] [101].

Based on this, a small experiment was performed, where RAW 264.7 were cultured with
DMEM and α-MEM Gln (+) with and without added RANKL. After 7 days in culture, cells
were TRAP stained and imaged. However, no significant differences were found between dif-
ferent culture mediums (images not shown because of the lack of added value). H. Hotokezaka
and colleagues also studied optimal seeding density of RAW 264.7. They observed that the
cell density and growth played an important role for the differentiation of RAW 264.7 into
osteoclasts [106]. They also found an optimal seeding density of 2000 cells/well when cultured
in α-MEM Gln (+). However, when the cells were cultured in α-MEM Gln (-), the optimal
seeding density was found at 8000 cells/well. This experiment was performed in 96-well plate
(Awell=0.32 cm2), which means that when cells were cultured with α-MEM Gln (+), the opti-
mal cell density was ≈ 6000 cells/cm2, obtaining similar results that the ones presented here.

It is also remarkable that the images at higher seeding density (> 5000 cells/cm2) do not
actually show over-confluence. This can be explained by the fact that these RAW 264.7 cells
are considered semi-adherent cells. As a consequence, when the culture medium was removed
for TRAP staining, a large quantity of cells was also removed with the medium, particularly
the cells that were not well attached to the substrate. Moreover, over-confluence causes cells
aggregates to detach, although they are not really in suspension.

Finally, and based on these results, cell density for the osteoclast resorption experiment was
chosen to be 4000 cells/cm2 as it was shown that after 6 days in culture a confluence of about
80% was reached without differentiation medium added to the culture.

3.5 RANKL optimization

Several experiments were performed for optimization of RANKL concentration. For the
two first trials, cells were seeded at 10.000 and 20.000 cells/cm2 and kept in culture for 7 days.
At given timepoints, cells were stained for TRAP, and TRAP activity and DNA amount were
quantified. The results obtained from TRAP activity were normalized to the amount of DNA.

Although TRAP activity and DNA quantification were measured at day 3, 4, 5 and 7 for
the first trial, data from TRAP activity for the two first time-points (day 3 and 4) could not be
used, because of a mistake in the amount of FeCl3 added to the TRAP buffer. As a consequence,
TRAP/DNA were only analyzed for day 5 and 7. Figure 3.12 shows these results.

Interestingly, TRAP/DNA between day 5 and 7 in HA substrates increased under the in-
fluence of RANKL, except for 10 ng/mL, indicating that this concentration was not enough to
differentiate the cells. Nevertheless, no increase under the influence of RANKL was observed
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Figure 3.12: TRAP activity/DNA amount in TCPS and HA substrates for the first trial of RANKL
optimization.

on the TCPS substrates, where actually TRAP/DNA decreased between day 5 and 7. Fur-
thermore, the increment of TRAP/DNA observed in HA was larger at higher concentrations
of RANKL. Similarly, the decrease of TRAP/DNA in TCPS between day 5 and 7 was less for
higher RANKL concentrations. From these results, it is suspected that HA substrates under
the effect of 40-50 ng/mL RANKL improved the ability of RAW 264.7 to produce TRAP en-
zyme. It was noted as well that the DNA amount increased from day 3 to 5, while decreased
between day 5 and 7 (see Figure 3.13).

Figure 3.13: DNA amount in TCPS and HA substrates for the first trial of RANKL optimization.

As previously explained, this fact could be due to the removal of a lot of cells when the
medium was aspirated at day 7. This correlates with what was found in the "Cell density
optimization" experiment (less cell density at day 7 than 5).

In order to verify if TRAP activity was correlated to the amount of osteoclast, TRAP
staining was performed. Cell nuclei were also stained by DAPI. Figure 3.14 shows TRAP/DAPI
staining for 4, 5 and 7 days. Cells positively stained for TRAP and containing three or more
nuclei were considered osteoclasts.

In Figure 3.14 it is possible to observe how the cell density increased between day 4 and
5, while between day 5 and 7, it decreased. However, previous to the staining, cells were
checked with bright-field light microscope and over-confluence was observed at day 5, 6 and 7.
Again, this fact supports the hypothesis that mentioned previously: a great amount of cells was
removed with the aspiration of the medium to prepare samples for TRAP staining and TRAP
activity.

Regarding differentiation of the cells, some osteoclasts were found from day 4 onwards at
the higher concentration of RANKL (40 and 50 ng/mL), and an increase of osteoclasts was
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Figure 3.14: TRAP/DAPI staining in TCPS substrates for the first trial of RANKL (50 ng/mL)
optimization at day 4, 5 and 7. x20 magnification. Scale bar is 50 µm.

observed between day 4 and 5 and a similar number of osteoclast was observed between day 5
and 7 (Figure 3.14). Nonetheless, the cell density at day 7 is lower than at day 5, due to the
aspiration of non-adherent cells in over-confluence. However, a great amount of osteoclast is
still observed at day 7, indicating the good adhesion of these cells to the substrate. Although
osteoclasts were found in the samples, they were in less amount and smaller than what was
reported in literature. In order to verify the efficacy of the RANKL, RANKL from another
supplier was used in the third trial (as explained in the next section).

Unfortunately, the imaging of TRAP staining in HA substrates was not possible due to
the thickness of the coatings, which made it translucent, and cells were indistinguishable from
background. Although the nuclei could be observed due to the DAPI staining, it was not
possible to identify osteoclasts, especially at higher cell densities. As a result, it was not
possible to verify that HA influenced the differentiation of the cells, as concluded from the
TRAP activity results.

The TRAP/DNA results (Figure 3.15) from the second trial, where cells were seeded at
10000 cells/cm2, confirm the findings of the first trial.

In this second trial, measurements were also performed at day 3. It is interesting to observe
how TRAP/DNA increased between day 3 and 5 in both TCPS and HA surfaces. Furthermore,
the same trend was observed in the first trial, between day 5 and 7: an increase of TRAP/DNA
under the influence of RANKL for the HA coatings, but not for the TCPS substrates. How-
ever, no differences were found between different concentrations of RANKL, which could be an
indication that the RANKL was not effective in differentiating the cells. Another indication of
that is that the negative control for RANKL has more TRAP activity than the differentiation
conditions, at day 5 in both types of substrates. Nevertheless, TRAP/DNA in the condition
without RANKL decreased between day 5 and 7 in both TCPS and HA substrates, which could
also be another indication that no differentiation was taking place.

It was also observed that DNA amount at day 7 was lower in samples with RANKL compare
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Figure 3.15: TRAP activity/DNA amount in TCPS and HA substrates for the second trial of RANKL
optimization.

to the controls, corroborating that RANKL decreased the growth speed of the cells, as found
in the previous experiment.

TRAP staining was also performed, and Figure 3.16 shows TRAP staining for the last
time-point (7 days) for a RANKL concentration of 50 and 100 ng/mL.

Figure 3.16: TRAP/DAPI staining in TCPS substrates for the second trial of RANKL optimization
at day 7. x10 magnification. Scale bar is 100 µm.

As already suspected from TRAP/DNA results, the increment of RANKL from 50 to 100
ng/mL did not have a big influence in the differentiation of the RAW 264.7 into osteoclasts.
Moreover, as already confirmed in the cell density optimization experiment, the use of 50 or
even 100 ng/mL of RANKL was not enough to differentiate more than 20% of the cells. Based
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on these results, a last trial was performed using RANKL from another company (Peprotech).
A seeding density of 4000 cells/cm2 was used, and TRAP staining was performed at days

3, 4, 5 and 7. At day 3 and 4, some differentiation (less than 10%) was observed in 30 and 40
ng/mL of RANKL. Similarly, the condition without RANKL showed differentiation in the same
range of the conditions with 30 and 40 ng/mL of RANKL. In this experiment cells were used at
passage 13, which could also affect the behaviour of the cells. However, cells were maintained
in culture until passage 19 and no big differences were observed from those at low passages.
Furthermore, although the ratio of cells that were differentiating into osteoclasts was still low,
a small increase was observed when using 50 ng/mL of RANKL and even a higher increment
was observed at 100 ng/mL RANKL. At day 5, the conditions at 30, 40 and 50 ng/mL had the
same trend: no many differences were observed between day 4 and 5 at these conditions. The
same occurred in the conditions without differentiation medium. However, a large increase of
osteoclast numbers compared to the control condition was observed at 100 ng/mL of RANKL
(Figure 3.17).

Figure 3.17: TRAP/DAPI staining in TCPS substrates for the third trial of RANKL optimization at
day 5 and 7, without and 100 ng/mL of RANKL. Black dots in the images designate osteoclasts. x20
magnification. Scale bar is 50 µm.

At day 7, a similar increase in osteoclast number was observed at 30, 40 and 50 ng/mL,
indicating that this difference of concentration did not affect the differentiation of RAW 264.7
into osteoclasts. Nonetheless, at the condition of 100 ng/mL of RANKL, a significant increment
of osteoclasts was observed (Figure 3.17). When comparing these results to similar studies, like
the one performed by Noel L. et al., some differences were found. By using the same type of
cells and RANKL, but with less concentration (40 ng/mL), they could see osteoclast-like cells
at day 3 on TCP surfaces. A possible explanation to this difference in RANKL concentration
giving differentiated osteoclasts could be the influence of the TCP substrates that they used.
Furthermore, they cultured the cells with α-MEM, while here, DMEM was used, which could
also be another factor influencing the differentiation.

Note also from Figure 3.17 the lower cell density under the presence of RANKL compare
to the No RANKL condition. It has to be mentioned that the analysis of this last trial was
done only qualitatively (TRAP staining), and osteoclast were counted manually. All the above
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observations can be further verified by more quantitative analysis.
It was finally concluded that the concentration of 100 ng/mL RANKL was the best one to

differentiate RAW 264.7 cells into osteoclasts. As a consequence, this concentration was chosen
for the study of osteoclast resorption of CaPs.

3.6 Osteoclast resorption of CaPs

From the two previous experiments, a seeding density of 4000 cells/cm2 and a concentration
of 100 ng/mL of RANKL were chosen for studying the osteoclast resorption of different CaPs.
Also from the above experiments, time-points were considered at day 5 and 7, as we previously
saw that before day 5, a low differentiation rate of RAW 264.7 into osteoclasts was obtained. At
each time-point, quantification of TRAP activity and DNA, TRAP/DAPI staining and SEM
were performed. Figure 3.18 shows the TRAP/DNA results.

Figure 3.18: TRAP activity/DNA amount for the different substrates under (A) no influence and (B)
influence of RANKL. Note that it is difficult to distinguish the curve of HA + collagen in the condition
without RANKL, this is due to the fact that it is overlapped with the PILP condition. Similarly, the
TCPS curve under the influence of RANKL is overlapped with the PILP condition as well.

It can be observed that the TRAP/DNA increased between day 5 and 7, independently of
the influence of RANKL. The average standard deviation at day 7 (not shown in the graph
for clarity) is ± 1.5 for the measurements without RANKL and ± 3.1 under the influence
of RANKL. As a consequence, the observed differences are likely not significant, except for
the case of HA with RANKL, where the TRAP/DNA was very low compared to the rest of
the substrates. In Figure 3.18 is also difficult to distinguish the curve of HA + collagen in
the condition without RANKL, this is due to the fact that it is overlapped with the PILP
condition. Similarly, the TCPS curve under the influence of RANKL is overlapped with the
PILP condition as well.

From this data it follows that the nature of the substrates did not greatly affect the dif-
ferentiation of macrophages into osteoclasts. This is controversial to what was observed in
the previous experiments, where TCPS substrates showed a decrease in TRAP/DNA between
day 5 and 7 (compare Figure 3.18 with Figure 3.12 and 3.15). Furthermore, the magnitude
of TRAP/DNA was much higher in this experiment than in the previous ones. This could be
explained by the fact that the DNA amount found at day 7 was almost null in all the samples
(Figure 3.19). This finding was unexpected and it is thought that mistakes occurred during
sample preparation.

In the case of the HA substrate, TRAP activity was lower on the RANKL positive condi-
tion than in the control, suggesting mistakes during sample preparation as well. Actually, when
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Figure 3.19: DNA amount for the different substrates under no influence and influence of RANKL.

looked at raw data, it was observed that wells under the effect of RANKL showed less TRAP
activity than the wells without RANKL, which is very strange. However, that could be due
to an effect of the number of cells in each plate, which is why, TRAP activity was normalized
to DNA amount. One possible explanation to the fact that no differences were observed be-
tween different substrates may be that the collagen layer on the substrates was not completely
homogeneous, allowing the cells to be in direct contact with the TCPS in some parts of the
substrate.

Two main conclusions were made from these results: first, that the nature of the coating
did not influence the TRAP activity and second, that the PILP coating did not perform better
than the rest of the coatings when differentiating RAW 264.7 into osteoclasts, which was our
initial hypothesis.

Figure 3.20 shows TRAP/DAPI staining at day 7.
In TRAP staining, it was observed that the PILP-mineralized collagen presented more os-

teoclasts than the rest of the substrates (TCPS and collagen). However, this difference was not
very pronounced (Figure 3.20). Although in general, more osteoclasts were found in the PILP
substrates at day 7, it is important to remark that this was a qualitative measurement, where
the number of osteoclast was evaluated visually, considering osteoclasts cells positively stained
for TRAP enzyme with three or more nuclei.

Finally, at each time-point, the different substrates were also imaged by SEM. For each
condition, there was one sample with cells (to observe osteoclast number and morphology) and
one sample where the cells were removed from to see if resorption was taking place. At day
5, almost no cells were found in the HA and HA + collagen substrates, which is suspected to
from cells falling to the bottom of the well instead of staying in the TCPS piece during seeding.
Furthermore, at day 5 few osteoclasts were found in all the conditions (also in the ones without
RANKL, confirming the findings of TRAP staining in this and the previous experiments). In
concordance with what was shown in TRAP staining, at day 7, the number of osteoclasts in
collagen and PILP substrates increased (no conclusions could be taken about the HA and HA
+ collagen substrates due to the problem of seeding density). Interestingly, PILP substrates
under the effect of RANKL showed much more osteoclasts in comparison with the rest of the
substrates, confirming the TRAP staining. Figure 3.21 shows SEM images for all the substrates
at day 7.

Unfortunately, the HA + collagen coating in this sample was not very homogeneous and
moreover, and it was very hard to distinguish between the cells and HA particles at the same
magnification as the rest of the samples (Figure 3.21 (B)). Agglomerations of mononuclear
cells were observed in some regions, for all coatings, and in particular, on coatings containing
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Figure 3.20: TRAP/DAPI staining in TCPS, Collagen and PILP substrates at day 7 under the influence
of 100 ng/mL of RANKL. Black dots in the images designate osteoclasts. x20 magnification. Scale
bar is 50 µm.

Figure 3.21: SEM images of cells under the effect of RANKL on (A) HA coating, (B) HA + collagen
coating, (C) Collagen coating and (D) PILP coating. Scale bar: A, C, D = 50 µm; B = 20 µm.
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collagen, some cells were entrapped within the collagen fibrils. When cells were in contact with
HA, they showed more roundish morphology than in contact with collagen. Furthermore, fewer
cells were present in coatings containing HA than in coatings containing collagen. This could
be explained by the fact that if cells had more roundish morphology in coatings containing
HA, they were weaker attached to the substrate than on the collagen and PILP coatings.
As a consequence, when culture medium was aspirated at day 7 and under over-confluence
conditions, much more cells were aspirated with the medium in HA coatings. Moreover, from
TRAP activity results, less cells were present in HA coatings, which correlates with this findings.
On PILP coatings, cells were more spread and in particular, osteoclasts were larger and with a
flatter morphology than in the rest of the substrates. This fact can be observed in Figure 3.21
(D), where most of the whitish areas represent osteoclasts. A comparison of the osteoclasts
morphology between the different substrates is also shown in Figure 3.22. Moreover, some
osteoclasts exhibit the characteristic ruffled border, especially in the HA and HA + collagen
substrates (see Figure 3.22 (A) and (B)).

Figure 3.22: SEM images of osteoclasts at day 7 on (A) HA coating, (B) HA + collagen coating, (C)
Collagen coating and (D) PILP coating. Scale bar is 20 µm. (E) Osteoclast size after 7 days in culture.

Cells were counted and the ones with area larger than 200 µm2 were considered osteoclasts
(Figure 3.22 (E)). As expected from SEM, osteoclasts on PILP coating were larger than in the
rest of the coatings. Furthermore, only a few osteoclasts (< 10 osteoclast/cm2) were present
in the HA and collagen coatings, while in the PILP substrate this range incremented to ≈ 30
osteoclast/cm2.

To study osteoclast resorption of CaPs, cells were removed from the substrate. No resorption
pits were observed in any of the substrates and the coatings that did not contain collagen
appeared identical to the controls. It is suspected that 7 days in culture was not enough time
to allow resorption of calcium phosphates. It has been observed that in some CaPs, the time
needed for resorption is higher. For instance, S. Patntirapong et al. only observed resorption of
CaPs after 9 days in culture [102]. Moreover, N. L. Davison and colleagues, found resorption of
TCP with small grains (average grain diameter of 0.95 µm) after 25 days in culture, while with
the same conditions, no resorption pits were found in TCP with big grains (grain diameter
of 3.66 µm) [101], confirming that the architecture of CaPs influences osteoclast resorption.
Nevertheless, in samples containing collagen (HA + collagen, collagen and PILP), degradation
was observed at day 7. An example is shown in Figure 3.23, where (A) shows a footprint of
a cell in HA + collagen coating. This footprint can only be from an osteoclast, as this area is
>500 µm2. Figure 3.23 (B) shows an alteration of the PILP structure regarding to the control
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(compare Figure 3.23 (B) with 3.9 (D)). It is thought that this alteration could be due to
degradation of collagen by osteoclasts as well. In the same image, it is possible to identify
regions of collagen similar to what is found in the control, while in other regions (centre of
sample), collagen seems to have been degraded.

Figure 3.23: SEM images of (A) HA + collagen (x3190 magnification) and (B) PILP (x3170 magnifi-
cation) coatings, after 7 days in culture and removal of the cells to study osteoclast resorption of CaPs.
Scale bar is 20 µm.

This might indicate the start of osteoclast resorption. However, there is not enough evidence
to ensure that resorption was being produced. As a consequence, longer experiments and further
characterization would be needed to confirm it.

It is possible to conclude that TRAP staining and SEM results shown a higher amount of
osteoclasts on the PILP coatings than in the rest of the conditions, supporting our hypothesis
of increased resorption potential of this coating due to closer structure to native bone. Never-
theless, this was not upheld by the TRAP activity and DNA quantification results, in which no
relevant differences were found between substrates. As a consequence, more characterization
is needed to actually confirm that PILP-mineralized collagen coatings perform better than the
rest.

3.7 Micropatterning

The PDMS moulds used in the micropatterning techniques were first treated to remove the
oligomers that did not crosslink during the curing process. The removal of these oligomers was
assessed by weighting the samples before and after the extraction procedure. Table 3.2 shows
the percentage reduction in weight of the samples when oligomers were extracted.

From these data, it is possible to obtain the average reduction and the standard deviation:
4.33 ± 0.15. No big differences were observed in the weight reduction between channels of
different width.

In order to verify that the µCP technique with PVA worked properly, samples were im-
munostained for collagen. Results are shown in Figure 3.24. In this figure it is possible to
clearly see the collagen micropatterning in the PS substrate, confirming that the µCP with the
intermediate PVA step was successful.

The PDMS used for transferring the collagen to the PVA was also imaged and no rest of
collagen was found around the sample, indicating that the collagen transfer was completed.

It is important to remark that the collagen solution used in this technique was made of
PBS, and consequently, the collagen was non-fibrillar. As a result, further PILP-mineralization
would not be possible, because as previously explained, this method is based on the fact that
mineralization starts in the characteristic bandings of collagen fibrils. Then, a modification
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Channel width Initial weight Final weight Reduction
(µm) (mg) (mg) (%)

5 159.8 152.5 4.38
5 119.3 113.9 4.53
5 130.5 124.8 4.37
5 151.7 144.8 4.55
5 154.4 147.4 4.53
5 147.6 141.2 4.34
10 128.4 122.8 4.36
10 149.4 143.3 4.08
10 138.9 133.0 4.25
80 108.8 103.9 4.50
80 119.2 114.2 4.19
80 95.7 91.7 4.18
80 143.7 137.6 4.24
80 102.4 98.2 4.10

Table 3.2: PDMS weight reduction after removing oligomers.

Figure 3.24: Fluorescent microscopy of µCP samples.

and optimization of this µCP technique using the FFB solution is required. The use of this
solution may have the potential to obtain fibrillar-micropatterned collagen, allowing to apply
the PILP method to mineralize it. This was the original idea of this experiment. However,
due to the limitation of time, it was not possible to perform it, leaving an open window to
further investigation of this kind of micropatterning. It is aimed that these collagen/CaPs
microppatterned coatings may have a promising application in hip implants, directing osteoclast
resorption and potentially guiding osseointegration.
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Chapter 4: Conclusions and future
perspectives

Coatings obtained by PILP-mineralized collagen method have been successful in mimicking
the intrafibrillar mineralization of collagen, and as a consequence, a coating was obtained that
more closely resembles the native bone, in composition and structure. Its biological perfor-
mance was tested by studying the osteoclast resorption of these coatings and comparing it to
collagen and hydroxyapatite coatings.

In order to PILP-mineralize the collagen coatings, an optimization of collagen fibril forma-
tion and deposition on substrates was first done. After different trials, the most homogeneous
coatings were obtained by doing a two-step collagen coating: initially, a thin non-fibrillar layer
of collagen was performed. It was found that the thin collagen layer was essential to improve
the adhesion of the collagen fibrils to the TCPS substrates. In the second step, collagen fibrils
were formed and deposited on the thin coating. It was observed that 1h of deposition was not
enough to obtain a homogeneous coating. Increasing the deposition time, the coatings became
more homogeneous and after 48h of incubation, refreshing the collagen solution at 24h, quite
homogeneous coatings were obtained. However, further effort is needed to optimize the coating,
to improve the collagen adhesion to the substrate as well as to have a better control of the de-
position process. Possible alternative techniques to improve collagen homogeneity and adhesion
may be to use sedimentation by centrifuging the collagen in the wells or to use electrospinning.

Further characterization is also needed in the CaPs and collagen coatings and supplemen-
tary techniques to XRD, such as Inductively coupled plasma mass spectrometry (ICP-MS) or
Energy-dispersive X-ray spectroscopy (EDX) could be used in order to detect the elements
present in the coatings and their chemical composition.

Murine RAW 264.7 macrophages were cultured and differentiated into osteoclasts by using
RANKL. It was found that the optimal seeding density to culture this cells under the influence
of RANKL and have a ≈ 100% confluence after 7 days in culture was 4000 cells/cm2. Moreover,
it was also observed that RANKL at ≥ 50 ng/mL affected the growth of the cells, decreasing
it in comparison to culture them in basic medium. No significant differences were observed in
morphology when these cells were culture in DMEM or α-MEM.

Further improvement of the imaging of the coatings containing CaPs is required as well, as
it was not possible to image the cells on top of the CaPs coatings with an inverted microscope.
The use of a stereomicroscope with high resolution may solve this problem. Another possible
improvement is the seeding of the cells in the TCPS pieces, as the volume of the cell suspension
used for the seeding was in excess, collapsing and spreading all around the well, which decreased
the number of cells seeded in the TCPS pieces.
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TRAP activity and DNA quantification results from the RANKL optimization experiment
showed that CaPs coatings improved the differentiation of the cells into osteoclasts under the
RANKL condition. However, these findings were not observed in the results of TRAP activity
and DNA quantification of the osteoclast resorption experiment. Although it is suspected that
something went wrong in the DNA quantification of this last experiment (very low values of
DNA were obtained for day 7), which could explain those differences in the osteoclasts experi-
ment, no clear conclusions can be made. Interestingly, TRAP staining and SEM results showed
a higher amount of osteoclasts in the PILP-mineralized collagen coating compare to the rest
of the substrates, and osteoclast were also bigger as well as flatter in these coatings than in
the rest of the conditions, supporting our initial hypothesis that PILP-mineralized collagen
coatings performed better than the rest. Although clear resorption was not observed in any
of the substrates, the coatings containing collagen showed some degradation where osteoclasts
were adhered. However, longer experiments should be perform to actually confirm resorption.

The coating obtained by PILP-mineralized collagen method may be promising in substitut-
ing the biomimetic coatings of some prosthesis, such as the hip implants, that are already used
in the clinic.

The µCP technique used to obtain collagen micropatterning was very successful. Nonethe-
less, the collagen solution used for this experiment was in PBS, which did not have the buffer
capacity to form collagen fibrils, without which, the PILP mineralization cannot happen. How-
ever, this opens many possibilities of research. The same micropatterning method used with
FFB solution may lead to fibrillar-micropatterned collagen, allowing then the use of PILP so-
lution to mineralize the collagen. Further studies with cells would be also interesting to study
the biological performance of these micropatterns compared to CaPs and collagen only.

Finally, achieving a collagen/CaP coating micropatterned by using the PILP-mineralization
method, may have a potential for controlling cell morphology, growth or differentiation, and
more interesting even, the ability to direct osteoclastic resorption and guide osseointegration of
an implant.
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Appendix A: Micropatterning techniques

Although only µCP with intermediate PVA worked successfully for obtaining collagen mi-
cropatterning, diverse techniques and methods were used. In this appendix, all the attempted
micropatterning techniques are summarized.

A.1 MIMIC

PDMS moulds with 80 µm channels width and 4.1 µm in height were placed on top of Si
wafers and plasma treatment (O2) was applied for 10 min. Afterwards, collagen was diluted
with FFB-I at the concentration of 100, 200 and 500 µg/mL. Then, 10 µL of collagen solution
were infiltrated in different PDMS/Si assemblies. Infiltration was allowed during 5 min at room
temperature and afterwards, samples were placed in the incubator at 37◦C, 5% CO2 during 2h
in order to allow collagen fibril formation. After incubation period, PDMS was peeled off from
the Si wafer.

A.2 µCP

Different protocols of microcontact printing were developed:

(a) First protocol: flat PS and PDMS moulds (previously treated to get rid of PDMS
oligomers) with 5, 10 and 80 µm width and 4.1 µm height were treated with plasma (O2)
for 2 minutes, followed by a FOTS treatment to obtain a very hydrophobic surface. To do
the FOTS treatment, the bottom and the top part of a glass Pettri dish as well as PDMS
moulds were heated up to 120◦C. After that, a drop of FOTS was applied on a glass
coverslip and place it in the Petri dish with the samples. The Petri dish was then sealed
and incubated at 120◦C for 2h. After 2h incubation, the Petri dish was removed from the
oven and allowed it to cool down to room temperature. Finally, samples were taken out
from the Petri dish. Once the samples were ready, a 100 µL droplet of collagen diluted
in FFB (200 µg/mL) was placed on top of the PDMS mould and incubated during 5h to
allow collagen fibril formation and deposition. Afterwards, samples (except the PDMS
mould of 10 µm width) were gently washed with milliQ water and dried. PDMS moulds
were then placed in conformal contact with the flat PS during 10 min to allow collagen
transferring.

(b) Second protocol: a modification of the first protocol was developed. The preparation
of the flat PS and PDMS mould was the same. However, two different collagen solutions
were prepared: one diluted with FFB (100 µg/mL) and another diluted with PBS (50
µg/mL), this one based on [105]. A droplet (100 µL) of each collagen solution was placed
on top of two PDMS moulds and collagen deposition was allowed for 1h. Samples were
then washed very gently with milliQ water and dried overnight in a laminar-flow hood.
For microcontact printing, the inked PDMS moulds were placed in conformal contact with
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the flat PS for 20 min with a 50g weight on top of the samples to ensure homogeneous
pressure. Afterwards, the PDMS mould was gently peeled off and PS substrate was
washed with milliQ water.

(c) Third protocol: in this trial, a flat PDMS without any treatment was used to transfer
the collagen to a PS mould treated with plasma (O2) for 2 min. The PS mould was
prepared as explained in Chapter 2. Collagen was diluted with PBS at the concentration
of 50, 100 and 200 µg/mL. A droplet (100 µL) of each solution was deposited on three
different flat PDMS and collagen deposition was allowed for 1h. After that, flat PDMS
were gently rinsed with water and dried overnight. Once samples were dried, the flat
PDMS inked with collagen were placed in conformal contact with the PS mould for 20
min with a 50g on top. Finally, PDMS were peeled off from PS, washed with milliQ water
and allow them to dry.

A.3 Embossing

For obtaining collagen micropatterning, an embossing technique was also used. In this case,
a drop of 20 µL of collagen gel was added on a flat substrate (PS or Si wafer) followed by
the placement of the PDMS mould in conformal contact with the flat substrate. Some weight
(≈15 g) was put on top of the PDMS mould and pressure by hand was applied. Samples were
then introduced in an incubator for 4h at 37◦C to allow gel formation. Afterwards, the PDMS
mould was gently peeled off from the flat substrate and the patterned substrate was washed
with milliQ water to get rid of the salts. For this approach three different combinations of
mould/substrates were used:

(a) First approach: in this case, PDMS mould was treated with FOTS and flat PS treated
with plasma (O2) for 2 min as a substrate. As the PDMS mould was very hydrophobic
due to FOTS treatment, with this approach it was expected to obtain micropatterning in
the flat PS.

(b) Second approach: PDMS with 80 µm width channels was used as a mould. The
channels were treated with plasma (O2) for 10 min. The substrate used was a Si wafer
treated with FOTS. Contrarily to the first approach, in this one it was expected to obtain
micropatterning in the channels of the PDMS mould.

(c) Third approach: this last approach was a modification of the first one. Same mould
and substrates were used, but in this case, the PS was not treated with plasma.

A summary of all the attempted trials with the different materials, collagen solutions and
conditions is shown in Table A.1. Appendix B shows the SEM results of all these techniques.
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Appendix B: Results and discussion of the
failed attempted micropat-
ternings

B.1 MIMIC

Two trials of MIMIC infiltration were performed. In the first one, infiltration only occurred
next to the edges (a few µm in the channels) of the PDMS/Si assembly, where the collagen
solution was introduced. After this observation, two hypothesis to explain why infiltration
did not work were considered. The first one was based on the fact that collagen solution was
gelifying while infiltration, which did not allow further infiltration. However, it is improbable
this to happen as the collagen solution was kept on ice until its use. Another possibility could
be that the effect of plasma treatment in the PDMS mould would have decreased, as 2h passed
between the treatment and the infiltration. Taking this last consideration into account, in a
second trial, plasma treatment was performed just before the infiltration and consequently,
complete infiltration occurred in less than 5 min. After 2h incubation and preparation of the
samples, the PDMS mould and the Si substrate were observed in stereomicroscope and SEM.

Figure B.1: Si wafer after infiltration. (A) is an overview of the Si wafer. (B) shows a zoom in one of
the channels in SEM, at 9000x magnification. Blue circles show salt deposition and red arrows collagen
fibers. Scale bar is 8 µm.

The purpose of Figure B.1 (A) is to show that it was possible to see some micropatterning
in the Si wafer, especially in the extremities of the substrate, confirming that total collagen
infiltration occurred in the assembly of flat Si/PDMS mould. Although Figure B.1 (B) is a
little bit blurry, it is still possible to distinguish between some crystal deposition and collagen
fibers between these crystals. However, only tinny amounts of collagen were deposited, while
most of the deposition were salt crystals, probably coming from the the buffered solutions
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Figure B.2: SEM images of MIMIC method with infiltration of collagen diluted in FFB (100 µg/mL).
(A) Salt deposition near the edges in Si wafer used in collagen infiltration, photographed at 6100x mag-
nification. Scale bar is 10 µm. (B) PDMS mould after infiltration, photographed at 450x magnification.
Scale bar is 100 µm.

used in the FFB approach, as samples were not rinsed with water before their preparation to
SEM. Salt formation was also observed in the PDMS mould, but only around the edges of
the mould. In Figure B.2 (A), salt crystals in the Si wafer are shown. It is also possible to
observe what it seems collagen between different crystals. However, collagen fibers could not be
observed and further analysis is necessary to confirm that actually this is collagen formation.
Figure B.2 (B) verifies the infiltration of collagen. However, only salt formation is observed,
without finding any evidence of collagen. From this figure it is also possible to conclude that the
micropatterning was not completed, because after peeling off the PDMS mould, some deposition
was still observed in the channels. As a consequence, this technique has to be optimized.

B.2 µCP

SEM results of the different protocols used to obtain collagen micropatterning by microcon-
tact printing are shown in this section.

(a) First protocol: After 5h incubation to allow collagen fibril formation and deposition,
5 µm and 80 µm moulds were washed before the µCP, while the one of 10 µm was
directly put in conformal contact with the flat PS without washing in order to see if
there were some differences of the samples when they were washed or not. The first
interesting finding was that 5h of incubation was too much time, as a lot of collagen
deposition was observed all around the PDMS mould, covering completely the surface
without being possible to differentiate between the channels and the flat parts of the
PDMS. Furthermore, a lot of salts were also found in the PDMS mould. When the mould
was not washed (10 µm width), the amount of salt formation increased (see SEM images
in Figure B.3). Nevertheless, collagen fibers where clearly observed and homogeneously
distributed, which confirms that is possible to obtain homogeneous collagen coatings.

Regarding the PS substrate, it was not possible to find any signal to confirm the transfer
of collagen from the PDMS mould to the PS. We only observed what seems collagen
fibrils between salt crystals. From this results it was possible to conclude that first, the
incubation time had to be reduced in order to decrease the amount of collagen deposition
and be able to distinguish the channels in the PDMS mould and second, that the amount
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Figure B.3: SEM images of the PDMS mould in the first attempt of µCP. (A) Washed PDMS mould
with 80 µm width channels after µCP, photographed at 7700x magnification. Scale bar is 10 µm. (B)
Not washed PDMS mould with 10 µm width channels after µCP, photographed photographed at 670x
magnification. Scale bar is 100 µm. (C) Washed PDMS mould with 5 µm width channels after µCP,
photographed at x420 magnification. Scale bar is 200 µm.

of salt deposition had to be decreased as well. Then, the second protocol was tried (see
Appendix A for the protocol).

(b) Second protocol: Reducing the collagen deposition for 1h was successful for obtaining
an homogeneous layer of collagen and distinguish between the channels and the top part
of the PDMS mould (this layer can be observed in Figure B.4 (A). When the collagen layer
was looked it into more detail, there were observed kind of tinny collagen agglomerations
with elongated shape (Figure B.4 (B)). In this Figure it is also possible to observe a huge
particle, which probably corresponds to some dust deposition while preparing the sample
for SEM. What is also interesting is that no differences in morphology were observed
between the collagen dissolved with PBS (images not shown) and with FFB and collagen
fibrils were not observed in any case. Furthermore, the amount of salt deposition was less
in comparison with the first trial. Regarding the flat PS, it was observed that collagen
was transferred from the PDMS mould. Nevertheless, micropatterning was not achieved
and most of the transferring took place in the scratches of the PS film (Figure B.4 (C)
and (D)). In order to remove those scratches from the PS, it was treated as explained in
Chapter 2.

(c) Third protocol: In a last trial of µCP, collagen was transferred from a flat PDMS to a
PS mould. The first finding of this experiments was that no collagen clue was found on
the flat PDMS after the transferring. It could be that all the collagen was transferred to
the PS, although having a complete transferring is quite difficult, so probably, the SEM
used for characterization could not rich enough magnification to detect this remaining
collagen. As a consequence, more characterization would be needed. With respect to PS
mould, results are shown in Figure B.5. From this figure it is possible to observe that
micropatterning was achieved. Collagen only was observed on top surfaces, but not inside
any channel (Figure B.5 (A)), indicating that micropatterning was working. In Figure B.5
(B) a magnification of the transferred collagen is observed. The collagen shows similarities
to the one observed in Figure B.4 (A), where a collagen layer is formed. However, this
layer was not homogeneous and could not be seen all around the surface and collagen fibers
were not observed at any concentration of collagen. Moreover, no significant differences
were found on the transferring with different collagen concentrations, a part of more
collagen was found at higher concentrations. Although samples were washed with water,
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Figure B.4: SEM images of the second attempt of µCP, (A) PDMS mould after µCP (100 µg/mL
collagen diluted in FFB), photographed at 290x magnification. Scale bar is 300 µm. (B) PDMS mould
after µCP (100 µg/mL collagen diluted in FFB), photographed photographed at 27500x magnification.
Scale bar is 3 µm. (C) Flat PS after µCP, photographed at 1200x magnification. Scale bar is 50 µm.
(D) Flat PS after µCP, photographed at 8500x magnification. Scale bar is 10 µm.

salt deposition was still found in some regions of the PS mould (Figure B.5 (C)), but
this salt deposition was not very common. It can be concluded that this last approach is
the best one regarding µCP, because transferring occurred in a controllable way. On the
other hand, an optimization of the technique is needed: an homogeneous collagen layer
showing fibrils with the characteristic banding of collagen is required and the washing
method should also be improved to get totally rid of the salt formation.

Figure B.5: SEM images of the third attempt of µCP, (A) PS mould after µCP 200 µg/mL, pho-
tographed at 680x magnification. Scale bar is 100 µm. (B) PS mould after µCP 50 µg/mL, pho-
tographed photographed at 2550x magnification. Scale bar is 30 µm. (C) PS mould after µCP 50
µg/mL, photographed at 730x magnification. Scale bar is 100 µm.
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B.3 Embossing

(a) First approach: from this first approach, it was expected to obtain collagen micropat-
terning in the flat PS as it was treated with plasma (hydrophilic surface), while the PDMS
mould was FOTS treated (obtaining a hydrophobic surface). The first comment to remark
is that when the collagen solution was added on top of the flat PS, the collagen solution
was spread all around the substrate and when the PDMS was put in conformal contact
with the PS, surface was very slippery, making the PDMS/PS assembly very unstable.
This occurred due to high hydrophilicity of the PS surface, which made the PS to have
very high affinity with the collagen solution.

After the incubation time and peeled off the PDMS, some collagen and salt deposition were
observed inside the channels of the mould (Figure B.6 (A)), although they were located
in some specific regions and not in high amounts, showing that the FOTS treatment was
effective. Salt deposition around the PS was also observed. Moreover, some blackish
areas were found randomly around the PS (Figure B.6 (B)), which could be collagen
fibers, without any characteristic pattern.

Figure B.6: SEM images of (A) PDMS mould (scale bar is 10 µm) and (B) PS substrate (scale bar is
50 µm) for the first embossing approach.

(b) Second approach: Trying to obtain collagen inside the PDMS moulds, this second trial
was performed. Figure B.7 shows the PDMS mould and the Si substrate used in this trial.
In this case, collagen was observed not only inside the channels but also on the top surface
of the mould, which was not expected, as only the channels were plasma treated. This
indicates that when applying pressure on top of the PDMS/PS assembly, this pressure
was not enough to allow collagen solution to escape from the PDMS in contact with the
PS, and collagen was entrapped between these two surfaces. At this point, it is important
to notice that the initial pressure was applied by hand, which means that there was not a
real control of the pressure applied and it was more a personal feeling. As a consequence,
this should be improved and a more automatic technique to apply pressure should be
used. Some salt formation was also observed all around the PDMS mould.

(c) Third approach: trying to improve the first approach, this third experiment was per-
formed. When the PS was not plasma treated, collagen was not overspread all around the
PS substrate and the slippery surface was also avoided, obtaining a very stable assem-
bly. This led to a better conformal contact between the PDMS mould and the flat PS.
Indeed, when PS was imaged in SEM after peeling of the PDMS mould, micropatterning
was observed (Figure B.8). However, when analyzing this pattern in more detail, it was
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Figure B.7: SEM images of (A) PDMS mould (scale bar is 100 µm) and (B) Si substrate (scale bar is
100 µm) for the second embossing approach.

found that most of the material was salt deposition and only some collagen was observed
between the salts (Figure B.8 (B)). This huge amount of salts come from the collagen gel
formation, as after the µCP, samples were not washed, otherwise micropatterning went
away with the washing. From all the attempted techniques, this is the most promising
one, showing clear patterning. Nevertheless, a lot of work is still needed to improve the
technique: other kinds of collagen solutions should be tried to avoid the high amounts of
salt formation.

Figure B.8: SEM images of flat PS after the third embossing approach, (A) Scale bar is 200 µm. (B)
Scale bar is 20 µm.
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Appendix C: Analysis of XRD from raw
data

XRD measurements were performed in the range of 5 to 65◦C, measured in steps of 0.02◦C.
For each angle the time measurement was set to 0.05 s/step. After the measurement, processing
and analysis of the XRD patterns was performed using the software DIFRACC.EVA.

First, the raw measurement was exported to the analysis software and the background of
the measurement was subtracted. Then, Kα2 contributions were checked to verify if there were
peaks due to the Kα2 radiation. Afterwards, a peak search was performed, editing manually
the list of peaks. From the obtained peaks, a search/match was done using the database. For
matching, the possible candidates were limited by selecting the chemicals that were known to
be present in the sample. Different phases of CaPs were added for matching until all the peaks
had a phase attributed. Figure C.1 shows the analysis of the HA coating.

Figure C.1: Workflow of XRD analysis for HA coating. (A) Original measurement in black and
background in red. (B) Measurement with background subtracted and with the main peaks. (C)
Matching of the main peaks with possible CaPs phases: in blue, peaks matching with Ca8H12O29P6

and in green, peaks matching with NaCl.

The same method was applied for analyzing 5xSBF (A), 5xSBF (B), 2.5xSBF, CPS and



APPENDIX C. ANALYSIS OF XRD FROM RAW DATA

2.5xSBF + CPS.
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