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1. SUMMARY

The following work has focused on the study, preparation and characterization of
macroporous solid foams of hydroxyapatite, Ca10(PO4)s(OH)2, and collagen and gelatin
hydrogels, of proteinaceous nature. The importance of these two types of materials, one
inorganic and the other organic, lies in their possible combination to recreate both, features and
functions, of bone tissue and, therefore, in their promising potential biomedical applications as a
tissue replacement or regenerator. A major application could be its use for creating next
generation prostheses which replace the current ones, usually made of stainless steel and/or
titanium.

From the results obtained, it is confirmed the possibility of obtaining hydroxyapatite with high
porosity and interconnectivity and low density using highly concentrated emulsions, following
the sol-gel and EISA methodologies. In the protein hydrogels prepared by the addition of cross-
linker before gelation method (mixing cross-linking method), a highly elastic gel was obtained.
After freeze-drying, macroporous texture was observed. Thereby, such gels appear suitable for
their combination with solid foams of hydroxyapatite, forming a bone-like composite or hybrid
material.

Keywords: Hydroxyapatite, collagen, gelatin, emulsion, solid foam, hydrogel, biomimetic
material, structured liquid.
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2. RESUMEN

El siguiente trabajo se ha focalizado en el estudio, obtencion y caracterizacion de espumas
solidas macroporosas de hidroxiapatita, Ca1(PO4)s(OH)2, y de hidrogeles de colageno y
gelatina, de naturaleza peptidica. La importancia de estos dos tipos de materiales, uno
inorganico y el otro orgénico, recae en su posible combinacidén para recrear, tanto en
caracteristicas y funciones, el tejido dseo y, por lo tanto, en sus prometedoras aplicaciones
potenciales en biomedicina como sustituto o regenerador de dicho tejido. Una de las principales
aplicaciones podria ser su utilizacion para la creacion de prétesis de proxima generacion que
sustituyeran a las actuales, generalmente de acero inoxidable y/o titanio.

De los resultados obtenidos, se confirma la posibilidad de obtencion de hidroxiapatita con
elevada porosidad e interconectividad y de baja densidad mediante emulsiones altamente
concentradas, siguiendo las metodologias sol-gel y EISA. En los hidrogeles de naturaleza
proteica preparados mediante el método de adicion de reticulante previa a la gelificacién
(método de mezclado-reticulacién), se obtuvo un gel altamente elastico. Después de la
liofilizacion, se observé una textura macroporosa. De este modo, este tipo de geles parecen
adecuados para su combinacion con espumas solidas de hidroxiapatita, formando un material
compuesto o hibrido parecido al hueso.

Palabras clave: Hidroxiapatita, colageno, gelatina, emulsion, espuma sélida, hidrogel, material
biomimético, liquido estructurado.
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3. INTRODUCTION
3.1. BONE TISSUE

3.1.1. General description of bone tissue

Natural bone is a biomaterial having a complex structure [1], which currently can not be
reproduced in vitro in the laboratory. Bones are authentic nanocomposites, consisting of
hydroxyapatite nanocrystals imbibed in collagen-rich matrix. This structure is very complex and
highly specialized to perform its different mechanical, metabolic and synthetic functions.
Therefore, bone matrix is composed by two main phases in a nanometric scale: organic (65
wt.% of bone, mainly protein) and inorganic (35 wt.% of bone, mainly mineral), as it is described
in Table 112, 3].

Inorganic phase Weight [%]) Organic phase
Hydroxyapatite 60 Collagen
Carbonate, water 4 -
Citrate 0.9 -

Non-collagenous proteins
(osteocalcin, osteopontin,

- Variable thrombospondin, sialoprotein, whey
protein, etc.)
Sodium 0.7 -
Magnesium 0.5 -
Cl, F-, K*, Sr2t, Pb2t, Zn2t, Cu?*, Fe?* Variable Polysaccharides, lipids, cytokines
B Variable Primary bone cells: osteoblasts,

osteocytes, osteoclasts

@ These compositions may vary slightly for different species and for different bones.

Table 1. Generic composition of bones (fable adapted from reference [3]).

Bone mineral is mainly composed of hydroxyapatite, whereas collagen predominates in the
protein part. Collagen acts as a support in which tiny crystal planes of hydroxyapatite join to
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form bone. Bone collagen has a characteristic fibrous structure, whose diameter varies between
100 and 2000 nm. Similarly, the hydroxyapatite in the bone mineral is found in the form of
nanocrystals, with size between 4x50x50 (nm).

The main role of minerals is to provide strength and rigidity to the bone, whereas collagen
imparts resistance and flexibility. It is important to note that inorganic bone crystals are not
directly linked to collagen, but connected through non-collagenous proteins, which represent
between 3 and 5 wt.% of bone composition and provide active sites for biomineralisation and
cell binding.

The amount of water present in bone is an important factor determining its mechanical
behaviour. Lipids, around 2 wt.% of bone, are also required for cellular functions and they play a
crucial role in biomineralisation. It is important to point out that biomineralisation degree is the
most important factor to determine the mechanical capabilities of the bone.

When bone is initially deposited, it is structurally weak and disorganized. But after a few
days the original bone becomes lamellar. In a macroestructural level, mature lamellar bone is
distinguished in compact and spongy types. They differ in density, as their names indicate, and
are organized in pores at multiple levels, from macro to nano, for the establishment of multiple
functions, including the transport of nutrients, oxygen and body fluids.

The spongy or trabecular bone occupies about 20 % of total bone weight. It is lighter, has
higher porosity and concentration of blood vessels than compact bone. The diameter of the
pores can be from micrometres to millimetres. The compact or cortical bone is much denser and
occupies about 80 % of total bone weight. It has lower porosity and concentration of blood
vessels than spongy one. Pores have diameters of 10-20 um and are separated by intervals of
200-300 pm [2].

There are five different types of cells associated with bone tissue: osteoprogenitor cells,
osteoblasts, osteocytes, osteoclasts, and bone-lining cells. Nevertheless, the cells responsible
for the formation of new bone are osteoblasts, which produce collagen and cover it with non-
collagenous proteins which can retain minerals from blood flow, especially calcium and
phosphate, creating new bone.

For proper growth and differentiation of osteoblasts, they must be found in a similar
environment of the tissue being regenerated, achieving more favorable environments for their
proliferation with nanometric porosities [2, 4, 5].
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As it has been shown, hydroxyapatite and collagen are the two main components in bone
tissue, and therefore, they will be described more in detail in the following sections.

3.1.2. Hydroxyapatite

Hydroxyapatite or hydroxylapatite belongs to the group of minerals known as apatite (apatite
derived from the Greek amareiv (apatein) which means to deceive or mislead, as it is easily
confused with other minerals like beryl or milarite). It differs from other apatites, since it contains
water, as hydroxyl. Its molecular formula is Cas(PQO4)3(OH), sometimes denoted as
Ca1o(POa4)s(OH)2 to indicate that the crystal unit is formed by two entities. This is a type of
calcium phosphate with a Ca/P molar ratio of 1.67. Its crystal system is hexagonal and its
hardness is 5 on the Mohs scale. This mineral can have different colours: white, gray, yellow,
green, violet, purple, red or brown. It is the kind of phosphate present in bones [5, 6, 7].

3.1.3. Collagen and gelatin

Collagen, from the Greek word for glue K6Aa (kdlla), is the major insoluble fibrous protein in
the extracellular matrix and in connective tissue. In fact, it is the single most abundant protein in
the animal kingdom. There are at least 27 types of collagen, but 80-90 percent of the collagen in
human body consists of types I, II, and Il [8]. Type I is the most abundant in the organic phase
of bone. Its main functions are structural and some remarkable properties are its high flexibility
and tensile strength. It also has many desirable properties for cell growth. Being biocompatible,
biodegradable, non-toxic, and with absence of antigenicity, collagen is very useful for bone
tissue engineering and many other biomedical applications. It is also an osteoconductive and
hemostatic agent (like hydroxyapatite). All collagen types have typical peptide sequences
composed of periodically repeating groups of three amino acids. The first amino acid in each
group is glycine, and the other two are proline (or hydroxyproline) and any amino acid (although
these other two amino acids usually are, one, proline and, the other, hydroxyproline). The
periodic frequency of proline conditions peculiar curl as a left-handed collagen helix (secondary
structure known as o chain, with about three amino acid residues per turn). Glycine, without
side chain, allows the approximation between different helices, so that three left-handed helices
are twisted togheter into a right-handed triple helix or superhelix (tertiary structure known as
procollagen or, after some chemical modifications, as tropocollagen). Next association steps will


http://en.wiktionary.org/wiki/%CE%BA%CF%8C%CE%BB%CE%BB%CE%B1#Ancient_Greek
http://www.ncbi.nlm.nih.gov/books/n/mcb/A7315/def-item/A7752/
http://www.ncbi.nlm.nih.gov/books/n/mcb/A7315/def-item/A7496/
http://www.ncbi.nlm.nih.gov/books/n/mcb/A7315/def-item/A7417/
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give rise to fibrils and, finally, to fibres [5, 9]. Its different levels of structure are shown next, in
Figure 1.

Chains Procollagen Tropocollagen

i . PR 7 R

Fibril
LS T NSNS TN ST
E 2 T NIRRT NN NN
~T N NIRRT ST NS
D NN TS TN SN N
N NN SN SN e
N0 T NNS WS SN N e
640 A
Fibre

Figure 1. Three polypeptides coil to form tropocollagen. Many tropocollagens then bind together to form a
fibril, and then many of these form a fibre (Solitchka, 10/05/2015 via Wikimedia Commons, Creative

Commons Aftribution).

When collagen is denatured by boiling and allowed to cool, keeping it in an aqueous
solution, it becomes a well-known substance, gelatin. It can also be obtained by physical and
chemical degradation of collagen [10, 11].


http://en.wikipedia.org/wiki/Polypeptide
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3.2. EMULSIONS

Polymeric, organic or inorganic, foams exhibit specific properties such as high porosity and
low density, which make them suitable candidates for hydroxyapatite recreation. Such materials
can be obtained by using highly concentrated emulsions as templates, by polymerizing or cross-
linking processes in the continuous phase of these emulsions.

3.2.1. Basic aspects of emulsions

Becher [12], in 1965, and Everett [13], in 1972, defined emulsions as thermodynamically
unstable heterogeneous systems composed of at least two immiscible or partially miscible liquid
phases, one of which is dispersed in the other in the form of droplets, with diameter generally
greater than 0.1 pum.

Commonly added components to stabilize emulsions are surfactants. They are defined as
amphiphilic molecules, characterized by having hydrophobic and hydrophilic sections. The main
properties of surfactants are adsorption capacity in interfaces and the ability to form
autoaggregates. These two properties (adsorption and self-assembly), are induced by
intermolecular configurations that reduce unfavorable interactions [14]. Figure 2 shows
schematically the two characteristic parts of a surfactant molecule.

Hydrophobic
section

Air or oil
Water

Hydrophilic
section

Figure 2. Schematic representation of a surfactant molecule.

The main classifications of the emulsions are based on two criteria: the nature of the phases
and the volume fraction of dispersed phase (¢), as shown schematically in Figure 3. Emulsions
can be generally classified as oil-in-water (O/W) when using hydrophilic or soluble surfactants in
aqueous media and water-in-oil emulsions (W/O) when using lipophilic surfactants. Emulsions
can also be classified according to the volume fraction of dispersed phase (¢), as diluted,
concentrated and highly concentrated [15].
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Figure 3. Classification of the emulsions according to the type of dispersed/continuous phase and

depending on the volume fraction of dispersed phase (¢) (figure reproduced from reference [15]).

The emulsification involves the mixture of an oil phase, a water phase and a surfactant.
During this process, the surfactant molecules are adsorbed at the liquid-liquid interface,
producing a decrease in the interfacial tension. This decrease of the interfacial tension has two
effects: favoring the emulsification and stabilizing emulsions. Overall, emulsification requires an
input of energy. This energy is necessary because during the emulsification process the
interfacial area is greatly increased, and consequently, an unfavourable positive Gibbs energy is
induced, as shown by Equation 1:

ApormG =yYAA—TAS =yAA >0 Equation 1

Where AmG is the variation of Gibbs energy in the emulsification process, AA is the new
area generated by the emulsification, AS is the increase in entropy (positive since drops are
produced), yis the interfacial tension and T is the absolute temperature [15].
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3.2.2. Highly concentrated emulsions as reaction media for the formation of porous
materials

In recent decades, the use of highly concentrated emulsions as reaction media has
generated a great interest. The high volume fractions of the dispersed phase allow to obtain
materials with high porosity, and consequently, low density. A porous material can be obtained
as a replica of the highly concentrated emulsion, after polymerizing and/or cross-linking in the
emulsion continuous phase, and subsequently removing the dispersed phase. Thefore, the
emulsion is the template that directs the formation of the porous material.

The earliest systematic studies on the formation of porous materials using highly
concentrated emulsions were published by Bartl and von Bonin [16] and, later, by Barby and
Haq [17]. The results demonstrated that a very wide variety of different porous materials could
be obtained using such emulsions as reaction media. These systems are characterized by
presenting high porosity with low densities (less than 0.1 g/cm3).

One of the major classifications of porous materials is based on pore size. According to
IUPAC accepted terminology [18], macroporous materials are those with pores above 50 nm,
mesoporous materials have pores between 2 and 50 nm and microporous materials are those
with pores smaller than 2 nm.

Macroporous solid foams, with very low density, can be obtained by one-step method [16,
17, 19]. This method consists in polymerizing or cross-linking into the continuous phase of the
emulsion, followed by removal of the dispersed phase material and final drying to obtain porous
foam (Figure 4).

In the case of sol-gel inorganic precursors, the formation of hydroxyapatite could be carried
out in the external phase, following three steps [20, 21, 22):

1) Formation of a sol, a colloidal dispersion of solid particles, into the continuous
phase.

2)  Gelation of the sol via sol-gel hydrolysis and condensation reactions.

3) Removal of solvent by evaporation.

This method, described by Vallet-Regi, was used to obtain macroporous hydroxyapatite [23,
54]. It involves the evaporation-induced self-assembly (EISA) methodology because the
emulsion is formed after certain amount of solvent is evaporated [23, 24]. This general
methodology will be used for the obtention of the porous hydroxyapatite in the present project.
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Highly concentrated
OW emulsion

i

POROUS
FOAM

Highly concentrated
W/O emulsien

Figure 4. Schematic representation of the obtaining process of macroporous materials with hydrophobic or
hydrophilic monomers/polymers, from W/O or O/W emulsions types, respectively (figure reproduced from

reference [15]).

An interesting example of formation of macroporous hydroxyapatite, based on highly
concentrated emulsions, is described as follows. A surfactant-in-alcohol emulsion (S/A
emulsion) is formed. In such emulsions, the dispersed phase is the surfactant, which is insoluble
in the alcohol phase (continuous phase), where the inorganic precursors were previously
dissolved. First, a diluted emulsion is formed, but after alcohol (ethanol) is evaporated, the
concentration of the dispersed phase increases and the emulsion becomes highly concentrated
[23]. Therefore, surfactant concentration in the emulsion increases by removing alcohol, due to
evaporation. Finally, macroporous hydroxyapatite is formed after calcination (Figure 5), which
removes all the remaining organic components.

Figure 5. Example of macroporous hydroxyapatite, obtained in highly concentrated emulsions (surfactant-

in-ethanol emulsions) as described in the literature (figure reproduced from reference [25]).
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3.3. GELS

3.3.1. Basic aspects of gels

A gel is a non-fluid colloidal network or polymer network that shows viscoelastic flow
behaviour. Many gels display thixotropy — they become fluid when agitated, but resolidify when
resting. In general, gels are apparently solid, jelly-like materials. A gel can be formed by [26]: (i)
a covalent polymer network, (ii) a polymer network formed through the physical aggregation of
polymer chains, caused by hydrogen bonds, crystallization, helix formation, complexation, etc.,
(iii) a polymer network formed through glassy junction points, (iv) lamellar structures including
mesophases, and (v) particulate disordered structures.

Gels can be classified in the following general types:

a) Aerogel: gel comprised of a microporous solid in which the dispersed phase is a
gas [26].

b) Hydrogel: gel in which the swelling agent is water. The network component of a
hydrogel is usually a polymer network. A hydrogel in which the network
component is a colloidal network may be referred to as an aquagel [4, 26].

¢) Organogel: gel in which the swelling agent consists predominantly of an organic
solvent or a mixture of them [26].

d) Xerogel: a network formed by the removal of all swelling agents from a gel [26].

3.3.2. Protein polymer hydrogels

In the literature, it has been found that hydrogels are promising scaffold materials for
cartilage tissue engineering, because of the high water retention and the ability to maintain the
spherical morphology of encapsulated cells [27]. In special, collagen and gelatin hydrogels
seem to be suitable options to recreate the soft organic matter of bone tissue, since collagen is
the major protein component of this tissue. However, collagen has antigenicity, due to its animal
origin. In contrast, gelatin seems a better choice, due to its much lower antigenicity, because it
is a denaturalized protein. In addition, gelatin is much cost-effective than collagen.
Nevertheless, the main limitation of gelatin for applications in tissue engineering is its high
solubility in water. This limitation can be solved by cross-linking [10, 28, 29].

Various cross-linkers can be used to react with the free amino groups of the peptides
constituting collagen or gelatin as glutaraldehyde, formaldehyde or ethylene glycol diglycidyl
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ether [9, 27, 28]. However, these compounds have physiological toxicity. Therefore, in this study
it has been used a naturally occurring cross-linking agent called genipin 1 (Figure 6), obtained
from the fruits of Gardenia jasminoides Ellis, which has toxicity between 5000-10000 times less
than glutaraldehyde [30, 31]. The use of this cross-linker is described in detail in the following
section.

3.3.3. Cross-linking with genipin

Genipin 1 may react with the primary amino groups of lysine, hydroxylysine or arginine
present in collagen and gelatin, forming new covalent bonds and cross-linking peptide chains, at
ambient conditions and neutral pH. The proposed mechanism [32, 33] involves reacting the
carboxymethyl group of the genipin 1 with the free amino group of lysine, hydroxylysine or
arginine of collagen or gelatin to form a secondary amide and nucleophilic attack of other free
amino groups (but of the same type involved) on an olefinic carbon of genipin 1, producing an
opening of the genipin 1 dihydropyran ring at an intermediate stage, leading to the formation of
a tertiary amide. Several authors [32, 33] have also suggested that dimers and trimers of
genipin 1 are formed during the cross-linking. This process is shown schematically in Figure 6,
in which different bonds between chains of collagen or gelatin, represented as red lines, and the
chemical structure of the cross-linking reaction between genipin 1 and collagen or gelatin are
represented [15, 34, 35]. Dark blue colour is observed in the hydrogel, after cross-linking with
genipin 1.

PEPTIDE
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et \ é A
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Figure 6. Schematic representation of cross-linking of collagen, or gelatin, with genipin 1 (figure adapted
from reference [15]).
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3.4. BIOMEDICAL APPLICATION: BIOMIMETIC POROUS COMPOSITES OF PROTEIN
POLYMERS-REINFORCED HYDROXYAPATITE

The artificial joint prostheses have improved considerably since its introduction 40 years
ago. The hip and knee prostheses are made of metal, usually stainless steel or titanium. Some
implants have ceramic coatings, which are very smooth surfaces that reduce friction and wear in
the joint. However, these prostheses cannot fully reproduce the properties and functions of bone
tissues. The absence of bioadhesiveness and porosity in the prostheses prevents
vascularisation and growth of osteoblasts. For these reasons, metallic prostheses have no
autoregeneration capacity, and suffer mechanical wear over time.

This implies that such prostheses must be replaced frequently. An example is the femur
head prostheses, which currently have a lifespan of about 15 years in young active patients.
Hence, there is a great need for developing new biomechanical materials as bone substitutes
[36]. In the literature, numerous methods have been described for obtaining macroporous
hydroxyapatite [37, 38], although however, current mechanical and motor performance are
inferior to metal prostheses and, for this reason, they continue being used as substitutes of
bone.

In several studies, it has been found that vascularisation and osteoblast bioadhesion can be
achieved by using synthetic macroporous materials made of hydroxyapatite [2, 39, 40]. Thus,
there is a possibility that artificial prostheses based on hydroxyapatite could allow bone
regeneration. Nonetheless, this has not still been achieved satisfactorily, and biomaterials
produced in vitro have inferior biomechanical properties than natural bone. For that reason,
stainless steel is the preferred available material. Regarding porous materials of hydroxyapatite
described in the literature, their properties are far from reaching the features and functions of
real bone tissue [41]. Synthetic porous materials of hydroxyapatite may be obtained by several
methods, and templating in highly concentrated emulsions can be an interesting method,
because the resulting porous structure has morphological similarities with natural bone.

Inorganic-organic porous composites, formed by a double interconnected matrix of
hydroxyapatite and collagen or gelatin, could be a very interesting option (a hybrid material, with
these components completely mixed, could also result another worthy way to investigate) [42] to
solve the current drawbacks of titanium and stainless steel in prostheses. Similarly to natural
bone, hydroxyapatite has high compressive strength, and the inclusion of collagen or gelatin
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allows to increase fracture strength and toughness. Hence, it could be expected that porous
composites of hydroxyapatite and collagen, or gelatin, possess better biomechanical capabilities
than porous materials consisting solely of hydroxyapatite. For this reason, the present work will
be focused on the study of porous hydroxyapatite and protein hydrogels.

4. OBJECTIVES

Given the importance of finding a suitable material, which biomimics bone tissue and can be
applied in biomedicine to regenerate and replace natural bone, and taking into account the
considerations explained in the introduction, the main objective of this work consisted in the
study, obtention and characterization of macroporous hydroxyapatite and collagen and gelatin
hydrogels.

The work plan is described below:

a) Selection of the most appropriate components: hydroxyapatite precursors, protein
precursors (collagen and gelatin) and components of the emulsions (surfactant
and continuous phase solvent).

b) Preparation and characterization of hydroxyapatite by infrared spectroscopy (IR),
X-ray diffraction (XRD) and scanning electron microscopy (SEM).

c) Preparation of hydrogels of proteinaceous nature (collagen and gelatin) and study
of their rheological properties, as function of the protein precursor, cross-linking
agent, their concentrations, and temperature. As well as qualitative monitoring of
the hydrogels formation and observation of their structure by scanning electron
microscopy (SEM).

d) Feasibility study for obtaining macroporous hydroxyapatite, reinforced with
collagen or gelatin.
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5. EXPERIMENTAL SECTION
5.1. MATERIALS

5.1.1. Synthesis of macroporous hydroxyapatite foams

For the synthesis and cross-linking of hydroxyapatite, the following reagents have been
selected:

a) Triethyl phosphite: 2, P(OCH2CHs)s, 98 wt.%, with a molecular weight of 166.16
g/mol. Supplied by Sigma-Aldrich. See molecule in Figure 7A, 2.

b) Calcium nitrate tetrahydrate: Ca(NOs)24H20, puriss. p.a., ACS reagent, 99-103
wt.%. It has a molecular weight of 236.15 g/mol. Supplied by Sigma-Aldrich.

c) Filtered deionized water: H20, Milli-Q® water (ultra-pure Millipore water system,
Milli-Qpius 185 filter). Supplied by Merck Millipore.

d) Pluronic® F 127: 3, Poloxamer 407 (prill). It is a non-ionic surfactant (HLB = 18-23)
consisting of a triblock structure composed of ethylene glycol and propylene glycol
units, HO(C2H40)101(C3Hs0)s6(C2H40)101H. It has an average molecular weight of
12600 Da (12600 g/mol). Supplied by BASF. See molecule in Figure 7B, 3.

e) Ethanol: CH3CH2OH, absolute for analysis EMSURE® ACS, ISO, Reag. Ph Eur.
Supplied by Merck Millipore.

A) B)
CHs;
CH;
i W H/{/ 101[-O 56 101 OH
HaC._O  CHs
2 3

Figure 7. Formulas of A) triethyl phosphite 2 and B) Pluronic® F 127 3.

5.1.2. Preparation of protein hydrogels

For the preparation of collagen and gelatin hydrogels, the following reagents have been
selected:
a) Peptan® P 2000 LD: porcine collagen peptides or hydrolyzed collagen with low

density, with a content of type | collagen > 90 wt.%. It has an average molecular
weight of 2000 Da (2000 g/mol). Supplied by Rousselot.
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Gelatin: from bovine skin, Type B (derived from lime-cured tissue). It is a
heterogeneous mixture of water-soluble proteins of high average molecular
weights, present in collagen (proteins are extracted by boiling skin, tendons,
ligaments, bones, etc). It has an average molecular weight between 40000-50000
Da (40000-50000 g/mol) which correlates with a Bloom number (which is an
indication of the strength of a gel formed from a solution of known concentration
and this is directly proportional to molecular weight) between 175-225 (medium
Bloom). Supplied by Sigma-Aldrich.

Genipin: 1, 98 wt.%, with a molecular weight of 226.226 g/mol. It is a natural
cross-linker for protein, collagen, gelatin and chitosan. Supplied by Challenge
Bioproducts Co., Ltd. (Taiwan).

Phosphate buffered saline: PBS, in tablets. It provides a pH = 7.4 (physiological
pH), at 25 °C. It consists of a mixture of Na2HPO4-2H20 (11.88 g/L) and KH2POq4
(9.08 g/L). Supplied by Sigma-Aldrich.

Glacial acetic acid: CHsCOOH, 100 wt.%, Ph Eur, BP, JP, USP, E 260. It has a
molecular weight of 60.05 g/mol. Supplied by Merck Millipore.

Sodium hydroxide: NaOH, BioXtra, = 98 wt.%, pellets (anhydrous). It has a
molecular weight of 40.00 g/mol. Supplied by Sigma-Aldrich.

Filtered deionized water: H20, Milli-Q® water (ultra-pure Millipore water system,
Milli-Qpius 185 filter). Supplied by Merck Millipore.

5.2. APPARATUS AND INSTRUMENTAL

The equipment and instruments are listed below:

Mettler Toledo AB204-S/FACT analytical balance with a precision of 104 g
(maximum capacity: 220 g).

Sartorius CPA3202-S top-loading balance with a precision of £102 g (maximum
capacity: 3000 g).

Heidolph MR Hei-Standard magnetic stirrer hot plate, with temperature controlled
by means of Heidolph EKT3001 probe (maximum stirring capacity: 2500 rpm).
IKA VORTEX 3 (vortex shaker).
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- Vibromatric vibratory shaker, JP SELECTA, S.A.

- Memmert Waterbath WNB 7-45 (shaking bath with temperature control).

- Burdinola V21 Space ST 1500 fume hood.

- MBRAUN MB GB-2202-S glove box.

- Mettler Toledo Seven Easy pH-meter.

- HERAEUS T6 heating and drying oven (maximum temperature: 250 °C).

- KOTTERMANN 2712 heating and drying oven (maximum temperature: 250 °C).

- GHA 12/450 CARBOLITE horizontal tube furnace with compressed air flow
(maximum temperature: 1200 °C).

- Liebherr GX823 freezer (minimum temperature: -32 °C).

- Christ Alpha 2-4 LD Plus lyophiliser, with pressure and temperature of ~0.03 mbar
and -85 °C, respectively.

- AR-G2 strain-controlled rheometer (TA Instruments).

- Hitachi TM-1000 Tabletop Microscope (Scanning Electron Microscopy, SEM).

- Nicolet Avatar 360 FT-IR spectrophotometer.

- Bruker D8 A25 Advance X-ray diffractometer with monochromatic Cu-Kow1 and
Cu-Koz radiation (A=1.5405 A), primary parallel X-ray beam generated by a
Gobbel mirror and the scattered beam analyzed by a lineal detector with 90-
position sample loader.

5.3. METHODS AND PROCEDURES

5.3.1. Synthesis of macroporous hydroxyapatite foams

The 3D-macroporous HAp foams have been synthesized by the sol-gel technique [20, 21,
22, 37, 43] including a non-ionic surfactant, Pluronic® F 127 3, as macropore inducer in the
accelerated evaporation-induced self-assembly (EISA) method.

Aqueous sols were prepared hydrolysing triethyl phosphite (TIP) 2 with Milli-Q® water for 24
h with magnetic stirring and adding it onto an ethanol mixture of non-ionic surfactant Pluronic® F
127 3. It is important to respect the hydrolysis reaction time to avoid uncompleted hydrolysed
intermediates, i.e., diethyl phosphite or monoethyl phosphite, since this reduces further cross-
linking (see Figure 8 for hydrolysis and polycondensation processes). Molar ratios of 0.06, 0.11,
0.44, and 11.0 of F127/TIP have been tested in order to obtain different degrees of
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macroporosity. After 30 min continuous stirring, an aqueous 4 M calcium nitrate solution,
Ca(NO3)24H20, was added. The experimental added Ca/P molar ratio was varied between
1.67-1.85, since the minimum stoichiometric Ca/P molar ratio for the formation of HAp is 1.67
and increasing excesively this ratio could give rise to other types of calcium phosphates, instead
of HAp [21, 22]. The mixed sol was stirred for 15 min and subsequently was aged at 60 °C for 3-
6 days, in order to enable further cross-linking. The resulting mixture was transferred into an
open Petri dish and placed in an oven for 1.5 h at 100 °C, to evaporate the solvent and to obtain
the 3D-macroporous foams. Finally, in order to remove the surfactant and to obtain HAp, the
sample was calcined at 550 °C for 6 h in air atmosphere [23, 44, 45].

The resulting porous HAp foams were characterized by X-ray diffraction (XRD) in a Bruker
D8 A25 Advance X-ray diffractometer using Cu-Ko radiation, determining qualitatively the
crystalline phases using Diffracplus basic EVA, Diffracplus TOPAS and ICDD-PDF2 database
software. Fourier transform infrared spectroscopy (FTIR) was performed in a Nicolet Avatar 360
FT-IR spectrophotometer. Scanning electron microscopy (SEM) was performed in a Hitachi TM-
1000 Tabletop Microscope [23].

1. Hydrolysis of thiethyl phosphite

|/CH3
3 eq. H,0 HO..OH
0.,-0 —ne e e + 3 CH3CH,OH
i j r.t. OH
HyC._O CHs
2 4a
HO.__OH o
P ——=——  0=P-H
OH Tautomeric equilibrium OH
4a 4b

1II. Polymerization/polycondensation of phosphorous acid

HO.__.OH
'.D F127/EtOH :ﬁp o- Pi
OH

4a

II1. Formation of hydroxyapatite

a(NO3),-4H,0
ip o- Pi 3)2 2 Caqo(PO4)s(OH),

HAp

Figure 8. Global process involved in the formation of hydroxyapatite.
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5.3.2. Preparation of collagen hydrogels
The hydrogels were prepared by two methods (Figure 9).

Method I: gel cross-linking

Gelling Cross-linking H Freeze-drying

Method II: mixing cross-linking

Mixing protein precursor s .
and cross-linking reagent Cross-linking Freeze-drying

Figure 9. Schematic representation of the preparation methods of hydrogels used.

The details of these methods are described as followed.

5.3.2.1. Method I: Addition of cross-linker after gelation (gel cross-linking)

The 0.60 wt.% collagen solutions were prepared by dissolving Peptan® P 2000 LD (type |
collagen) in 0.5 M CH3COOH solution and vibrationally shaking at room temperature (~25 °C)
for 5 min. They were adjusted to neutral (pH = 7.4) by dropwise addition of 2 M NaOH solution,
transferred to precut 60 mL syringes and incubated at 37 °C in the oven for 1 to 24 h.
Afterwards, 10 mL of PBS with genipin 1 were added (in control samples no genipin 1 content
was added, only 10 mL of PBS were added), obtaining solutions with a total genipin 1 content of
0.30 wt.%. They were maintained at 37 °C in the oven for 24 h.

Samples were frozen with dry ice and subsequently lyophilised for 24 h in order to inspect
their microstructure by SEM in a Hitachi TM-1000 Tabletop Microscope (Figure 9, Method 1) [9,
10, 27].

5.3.2.2. Method II: Addition of cross-linker before gelation (mixing cross-linking)

The collagen solutions were prepared by dissolving various wt.% Peptan® P 2000 LD (type |
collagen) in PBS and vibrationally shaking at room temperature (~25 °C) for 30 min. Then,
certain wt.% contents of genipin 1 were added and the mixtures were uniformly mixed, first, in a
shaking bath at 37 °C for 10 min, and second, in a vibratory shaker at room temperature (~25
°C) for 30 min. Afterwards, the mixtures were transferred to precut 60 mL syringes and allowed
to stand for 2 days (Figure 9, Method I1) [10].
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5.3.3. Preparation of gelatin hydrogels

The gelatin stock solutions were prepared by dissolving gelatin (from bovine skin, type B,
175-225 Bloom) in PBS and magnetically stirring at 50 °C for 24 h. The gelatin contents were 2,
6, and 10 wt.%. For these final gelatin concentrations, 4, 12, and 20 wt.% gelatin stock solutions
were required, respectively. Genipin 1 stock solutions were prepared at different concentrations
(1 and 0.25 wt.% in order to obtain final genipin 1 concentrations of 0.5 and 0.125 wt.%,
respectively) by dissolving genipin 1 in phosphate buffer, at pH 7.4, by magnetically stirring for 1
h at room temperature (~25 °C). The reaction of gelatin and genipin 1 occurred after mixing both
solutions at a ratio of 1:1 (w/w) inside the precut 60 mL syringes [10, 11]. Mixed solutions were
allowed to gel for 24 h at 25 °C [28, 29, 30].

The rheological characterization was performed on freshly synthesized hydrogels using an
AR-G2 strain-controlled rheometer (TA Instruments) at controlled temperature of 37 °C. The
geometry was plate-plate (standard steel parallel plates) of 40 mm diameter and the gap used
was 2000 pum. Fresh samples were frozen at -32 °C (Liebherr GX823 freezer) for 24 h and
subsequently lyophilised (Christ Alpha 2-4 LD Plus Iyophiliser) for 24 h (freeze-drying step) in
order to observe their microstructure by means of a scanning electron microscopy (Hitachi TM-
1000 Tabletop Microscope) (Figure 9, Method I1) [28, 29, 35, 42].

5.3.4. Rheological study of hydrogels

The rheological study of the hydrogels was performed using dynamic oscillatory tests. In
these tests, a sinusoidal stress (o) with amplitude o is applied and a strain () with amplitude
0 is measured simultaneously (Figure 10). Thus, a time shift (Af) between the amplitudes of
stress and strain, at a certain frequency (), occurs. The phase angle () is calculated from the
time shift (Af) and frequency (), following the relationship shown in Equation 2.

6 = wAt Equation 2

The phase angle indicates the nature of the system: &= 0° (elastic solid), &= 90° (viscous
liquid), and 0° < 5< 90° (viscoelastic system).
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Figure 10. Sinusoidal curves for an applied oscillatory stress and its response in the form of a strainin a
viscoelastic system (figure reproduced from reference [15]).

From y, ov, and &, the following rheological parameters are obtained: complex modulus,
|G* (it measures the resistance of the material to be deformed, see Equation 3), elastic or
storage modulus, G’ (it measures the elasticity of the material, which means the ability of the
material to store energy, see Equation 4), and viscous or loss modulus, G” (it represents the
ability of the material to dissipate energy as heat, see Equation 5). The relation between elastic
and viscous moduli is called ¢ tangent (it measures the energy dissipated in relation to the
stored one, see Equation 6). This parameter indicates the viscoelastic behaviour of a material.
The greater the elasticity, the smaller the & tangent [30].

|G*| = 0'o/yo Equation 3
G =|G*|cosé Equation 4
G" =|G*|siné Equation 5
tané = G”/G, Equation 6

Such oscillatory tests can be divided into two categories: strain or frequency oscillatory
tests. In the strain tests, the frequency (w, rad/s or f, Hz being @ = 2nf) and temperature are
fixed and a strain sweep is performed whilst G’ and G” values are recorded. Generally, two
distinct regions are detected based on the values of G’ and G” (Figure 11). The first region,
known as linear viscoelastic region (LVR), is where G’ remains virtually constant and
independent of the applied strain. The second region is observed above a certain critical strain
value, ye, in which the G’ and G” values show a nonlinear behaviour and G’ decreases with
increasing strain. This critical value indicates the strain value where the structure of the material
begins to be irreversibly fractured.
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Figure 11. Representation of the response to a strain of a viscoelastic system, in an oscillatory test at a
given frequency (figure reproduced from reference [15]).

From the critical strain (yer) and the corresponding elastic modulus values, in the linear
viscoelasticity region (G'Lvr), the cohesive energy density, Ec, can be calculated according to
Equation 7 [46, 47, 48].

E.= %ycerl,,VR Equation 7

The cohesive energy density value is a useful parameter for quantitatively evaluating the
strength of the structure. If the energy applied is higher than the cohesive energy, then gel
structure is greatly modified.

The viscoelastic behaviour of a system can also be studied by frequency oscillatory tests. In
such tests, a strain within the linear viscoelastic region (a previous strain test is required) and
the temperature are fixed. In this case, the G’ and G” values are determined as a function of

frequency (Figure 12).
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Figure 12. Representation of the response of a viscoelastic system in a frequency oscillatory test at a
given strain (figure reproduced from reference [15]).
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As shown in the diagram of Figure 12, two frequency regions are identified. At lower
frequency values, the system is more viscous than elastic (G” > G’). However, in frequency
values exceeding a critical frequency, *, the system becomes predominantly elastic (G” < G).
The relaxation time is calculated as the inverse of w*[15, 49, 50, 51].

6. RESULTS AND DISCUSSION

6.1. SYNTHESIS OF MACROPOROUS HYDROXYAPATITE FOAMS

Following the procedure expressed in the previous section for the synthesis of macroporous
hydroxyapatite foams, eight experiments have been performed. The amounts and molar ratios
of reagents and precursors are indicated in the following tables (Tables 2-3).

Entry Triethyl Pluronic®F Milli-Q® Ethanol  Ca(NOs)2:4H20
phosphite [uL] 127 [g] water [mL] [mL] 4 M [uL]
1 2.52 2.001 1.00 20.0 6.00
2 10.08 8.000 4.15 15.0 24.16
3 10.08 8.000 4.20 15.0 24.16
4 3.78 3.000 0.0016 80.0 10.00
5 20.16 16.000 0.0083 80.0 50.5
6 500 16.000 0.206 80.0 1250
7 2000 16.000 0.824 80.0 5000
8 4000 16.000 1.648 80.0 10000

Table 2. Amounts of reagents involved.

In Table 3, in addition to molar ratios, certain synthetic conditions are specified, as aging
time, magnetic stirring speed during aging, and calcination temperature ramp. From Entries 1-5,
it seemed that HAp was not obtained, proved by IR (Figure 13) and XRD (Figure 14) results, in
addition to the fact that the final solid product was soluble in water, whereas HAp should be
insoluble. However, macroporous pore size was obtained in all cases (Table 4). Important
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considerations and procedimental changes (Table 3) were performed in order to achieve the

formation of HAp, in Entries 6-8.

TIPH.0 CalP F127/TIP Aging  Stirring speed Calcination

0 [mol/mol]  [mol/mol]  [mol/mol] [t(';:;'] duri[r:gr:?ing rtaer:lnppﬁrcaltr:zﬁ]

1 2.59-10 1.67 11.0 6 0 10
2 2.50-104 1.68 11.0 5 <60 15
3 247104 1.68 11.0 3 <60

4 243101 1.85 11.0 6 <60 20
5 2.50-10"1 1.75 11.0 5 <60 20
6 2.50-10"1 1.75 0.444 5 <60 20
7 2.50-10"1 1.75 0.111 3 <60 20
8 2.50-10" 1.75 0.0555 4 <60 2

Table 3. Molar ratios of reagents, aging times, magnetic stirring speeds during aging, and calcination

temperature ramps.

These key changes were:

Reducing water excess for TIP 2 hydrolysis, since high excesses seemed to
hinder posterior cross-linking [20].

Increasing Ca concentration, since it was observed a deficience in Ca in the
phosphate phase, as Monetite syn CaPOs3(OH), Monetite CaHPO4, and certain
type of pyrophosphate were detected in the first experiments, instead of
hydroxyapatite.

Decreasing F127/TIP molar ratio, which allowed to increase TIP 2 and Ca
concentrations, and then obtaining higher amounts of product (Table 4).

Using low agitation speed during aging process, with a correct homogenisation
during cross-linking.

Reducing the temperature ramp during calcination at 2 °C/min, allowing a larger
and more robust HAp structure.

Finding suitable EtOH volume for the correct mixture with surfactant, from Entry 4
until Entry 8, a better homogenisation was observed (Table 2).
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Among these changes, point (iii) was remarkably important and the results were the
opposite as mentioned in certain literature [23], which recommended a F127/TIP molar ratio of
11 in order to obtain suitable macroporosity. As observed in Table 4, macroporous pore sizes
were formed with a F127/TIP molar ratio less than 1. An aging time between 3-6 days was
found to be suitable for cross-linking.

Complementing the information described in Table 4, different types of macroscopic and
microscopic appearances of the products are illustrated in Table 5. Among experiments of
Entries 6-8, which resulted in HAp formation, Entries 7 and 8 had more uniform pores, with
shapes approximately circular, and also with good interconnectivities.

Product 8 Soluble in Pore size
Entry weight [mg] Macroscopic appearance water? (SEM) [nm]®
i 130-2400,
1 4.6 Porous light brown powder Yes macroporous®
200-4000,
2 21.7 Porous gray powder Yes macroporous®
3 . ) Yes (intermediate
raw product)
i 220-3800,
4 10.1 Porous brown and gray particles Yes macroporous)
; 400-5700,
5 41.8 Porous dark gray particles Yes macroporous®
6 3114 Porous dark gray structures No 100-3600,
macroporous(d
7 1613.6 Porous gray-white structures No 130-7100,
macroporous(e)
8 3888.0 Porous gray-white structures No 250-7100,
macroporous(e)

Pore size measured as pore diameter by scanning electron microscopy (SEM).
Microscopic appearance: amorphous.

Microscopic appearance: particulated.

Microscopic appearance: cracked.

Microscopic appearance: approximately circular.

sEEEs

Table 4. Weight, appearance, water solubility, and pore size (measured as pore diameter).
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Among Entries 6-8, it seemed that lower F127/TIP molar ratio produced better macroporous
HAp. Besides, the lowest calcination temperature ramp allowed to obtain the largest and the
most robust HAp structures (Table 3). Lower temperature ramp seemed to produce weaker
mechanical tensions between pores during calcination, in such a way that macrostructure was
less affected and less fractured. Trace amounts of retained solvents, EtOH or H20, could also
participate in the fracture of the structure when they were rapidly removed during calcination.

In Figure 13, it is observed that only IR spectra of Entries 6-8 correspond to HAp, when
comparing to IR spectrum of the commercial HAp, Entry 1. Absorption bands located at 460 and
960 cm- are stretching modes of POs%, and the bands located at 560-600 and 1020 cm-!
correspond to bending modes of PO4>. A characteristical OH- stretch is observed at 3569 cm-!
in commercial HAp, but in synthetic HAp is not observed due to COs? substitution (CO3% can
also substitute PO4*), which is difficult to eliminate at the calcination step. In this regard, it is
observed a growth in carbonate bands (870, 1400-1450, and 1600-1650 cm-1) in detrimental to
hydroxyl or phosphate ones in the synthesized HAp. This kind of HAp is called as B-type HAp.
In some spectra, some adsorbed water was detected, 2600-3600 cm-' (absorption band
becomes narrower under influence of thermal treatment) [52, 53, 54].

By means of XRD, the HAp identification was clearer than by IR for Entries 6-8, as it can be
observed in Figure 14, if they are compared with the commercial HAp diffractogram. The other
diffractograms were found not to be HAp, but other crystalline phosphate phases, as Monetite
syn, CaPO3(OH); Monetite, CaHPOQs; and an unidentified pyrophosphate, which were soluble in
water.
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Table 5. Digital macrograph (first column of images), micrographs of x120 (second column of images), and
micrographs of x2500 (third column of images) of the structures of: (A) Entry 2 (very similar to Entry 1), (B)
Entry 5 (very similar to Entry 4), (C) Entry 6, (D) Entry 7, and (E) Entry 8. The different Entries make

reference to the ones specified in Tables 2, 3, and 4.
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Figure 13. Product (Entries 1-8, except Entry 3) and commercial HAp (Merck, powder, for comparison) IR

spectra (commercial HAp IR spectrum is reproduced from [52]).
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Figure 14. Product (Entries 1-8, except Entry 3) and commercial HAp (Fisher Scientific, USA, for

comparison) XRD diffractograms (commercial HAp XRD diffractogram is reproduced from [21]).
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6.2. PREPARATION OF PROTEIN HYDROGELS

6.2.1. Preparation of collagen hydrogels

6.2.1.1. Method I: Addition of cross-linker after gelation (gel cross-linking)

Dark blue and colourless collagenous liquid mixtures, with low viscosity, were obtained from
this method, depending if samples contained genipin (GP) 1 or not (control samples),
respectively. The same result was observed after 1 and 24 h (Figure 15). From this, it was
inferred that no collagen hydrogel was formed, although cross-linking was observed for the dark
blue evolution from colourless mixtures.

After lyophilisation, white and dark blue powders were observed for each case. SEM
imaging showed flat non-porous material for control samples and flat and little porous (but not
uniform) material for GP 1 samples (Tables 6-7).

Therefore, lack or little presence of porosity and no formation of hydrogels were observed in
the first experiments. Thus, different collagen and GP 1 concentrations were studied, via
Method II, which allows a more homogeneous mixing.

Entry  Time for gelling [h] Macroscopic appearance Microscopic appearance
1(C) 1 White powder Flat, non-porous
Flat, little porous (non-
2 1 Dark blue powder uniform pores)
3(C) 24 White powder Flat, non-porous
4 24 Dark blue powder Flat, little porous (non-

uniform pores)

Table 6. Description of time for gelling and macroscopic and microscopic appearances, after freeze-drying,
of collagenous products. Entries 1 and 3 represent the control samples (C) for Entries 2 and 4,

respectively.
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Cross-linking

Figure 15. Representation of colour sample evolution, from colourless to dark blue, during cross-linking.
Left image represents initial time of cross-linking process and right image represents final time of the

process. Left syringes of each photo have GP 1 but not the right ones, the control samples (C).

(A)

(B)

Table 7. Digital macrograph (first column of images) and micrographs of x80 (second column of images) of

the structures of: (A) Entry 3 and (B) Entry 4. The Entries make reference to the ones specified in Table 6.
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6.2.1.2. Method II: Addition of cross-linker before gelation (mixing cross-linking)

Firstly, Peptan® (collagen) concentration dependence was studied with GP 1 concentration
fixed to 0.5 wt.% (Table 8). From this study, no hydrogel formation was observed. An increase
in viscosity was observed with increasing Peptan® concentration, but gelation did not occur.

Entry Peptan® [wt.%] Genipin [wt.%] | Entry Peptan® [wt.%] Genipin [wt.%]
1(C) 8 0 10 40 0.5

2 4 0.5 1" 45 0.5

3 8 0.5 12 50 0.5

4 12 0.5 13 52 0.5

5 16 0.5 14 54 0.5

6 20 0.5 15 56 0.5

7 25 0.5 16 58 0.5

8 30 0.5 17 60 0.5

9 35 0.5 18 62 0.5

Table 8. Peptan® (not fixed) and GP 1 (fixed) concentrations tested in Method I with collagen. (C) means

control sample, which did not contain GP 1.

Secondly, GP 1 concentration dependence was studied with Peptan® (collagen)
concentration fixed constant at 30 wt.%. This Peptan® concentration presented enough viscosity
in the previous study and it was considered that higher cross-linker concentration would give
rise to hydrogel formation (Table 9). However, hydrogel formation was unsuccessful again,
despite an increase in viscosity induced by higher GP 1 concentration.

Entry Peptan® [wt.%] Genipin [wt.%]

1(C) 30 0
2 30 3
3 30 6
4 30 9
5 30 12
6 30 15

Table 9. Peptan® (fixed) and GP 1 (not fixed) concentrations tested in Method Il with collagen. (C) means

control sample, which did not contain GP 1.
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In all results, up to this point, gelation was not observed, in spite of the cross-linking
reaction, which was indicated by the appearance of dark blue colour. This absence of gelation
was attributed to the low molecular weight of the collagen (2000 Da). It could be presumed that
short collagen chains could not form the polymer network required for hydrogel formation.

Therefore, the next experiments were performed with gelatin with a much higher molecular
weight (40000-50000 Da). It should be mentioned that gelatin and collagen are both similar
proteins, but the gelatin tested posessed a much higher molecular weight than the available
collagen.

6.2.2. Preparation of gelatin hydrogels

The formation of gelatin hydrogels was studied, and successful results were obtained. Table
10 shows the colour development and the gelling effect. After 24 h, hydrogels were observed in
all cases, although little gelation was detected in Entry 1. From Table 10, it is important to
remark that control hydrogel samples (Entries 1-3), which did not contain GP 1, took longer to
gel than samples with GP 1 (Entries 4-9). In absence of GP 1, only intermolecular ionic forces
and/or hydrogen bonding and Van der Waals interactions are present, in non cross-linked
structures. However, cross-liking occurs in presence of GP 1, and therefore covalent bonding
between gelatin chains is produced, giving rise to a more elastic structure. Reference samples
did not change the initial orange colour of gelatin, whereas cross-linked samples with GP 1
turned dark blue after 24 h, because of the reaction with GP 1 (Figure 16). Moreover, it was also
observed that the higher the GP 1 concentration, the faster the gelation. This was related to
higher cross-linking with higher GP 1 contents. In all cases, a quicker gelation was observed
and more resistant hydrogels were formed with higher concentrations of gelatin; this seemed to
be caused by an increase of intermolecular interactions between peptide chains.

Macroscopic aspect after 24 h can be observed in Figure 17. Control samples were orange
and gelatin-GP samples were dark blue. Entry 1 was so little gelled that it was more like a liquid
than a solid. This type of sample was used for the rheological study, which will be described at
the end of this section.
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Gelatin Genipin Reaction time [h]@
Nty rwt% %
[wt.%] [wt.%] 0 0.5 1 2 3 24
' . . light
light ’ ’ light light
1(C) 2 0 orange light orange  light orange orange orange orange
ungelled ungelled ungelled ungelled ungelled lite
gelled
orange orange orange orange orange orange
2(C) 6 0 ungelled ungelled ungelled very litle little gelled fully
gelled gelled
dark
3(C) 10 0 or‘ia?:;e ogaanr;e dark orange ord;rge o?;rge orange
ungelled  litle gelled  9°8d goled  fullygelled MV
gelled
light light green- dark dark
4 2 0125 orange biue green-blue green-blue  green-blue blue
' ungelled uncelled ungelled ungelled very little fully
9 9 gelled gelled
dark
' -blue dark
orange light green reen green-b blue
5 6 0.125 g gntg g very litfle green-blue
ungelled ungelled ungelled . fully
gelled little gelled
gelled
dark
dark . green-blue dark dark
light green blue
6 10 0.125 orange Sng(gelled very litle green-blue  green-blue flly
ungelled gelled little gelled gelled gelled
. dark dark
light dark
7 2 05 oragnge lightgreen  green-blue  green-blue green-blue blue
’ ungelled ungelled very little i fully
ungelled little gelled
gelled gelled
dark
. dark dark
8 6 05 orange greenlitle  dark green-  greenbiue  green-blue blue
' ungelled  gelled  bluegelled o ed fulygeled Y
Ve Ve gelled
dark green dark
9 10 05 ogaar:ge dark green ; ?I dark green gre(ejznlilue blue
. ul -
ungelled gelled y fully gelled fully gelled fully
gelled gelled

(@)

For Entries 1-3 (control samples, (C)), reaction time is understood as only elapsed time because there is no cross-linking
reaction, in these cases the gelation observed is caused only by intermolecular forces as ionic forces, hydrogen bonding, and
Van der Waals interactions.

Table 10. Colour development and gelling effect of the gelatin-GP mixtures and control samples (C) at

different gelatin and GP 1 concentrations as a function of reaction time.
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Figure 16. Example of colour evolution, from light orange to dark blue, during the cross-linking process of
Entry 4 in Table 10.

Entry 2 (C)

Entry 1 (C)

Entry 4 Entry 5 Entry 6

Entry 7 Entry 8 Entry 9
Figure 17. Macroscopic appearances of hydrogels formed of Entries 1-9 in Table 10 after 24 h. In Entry 1

(C), the consistency of the hydrogel was more like a liquid than a solid.

Microscopic observations by SEM of freeze-dried hydrogels showed a three-dimensional
interconnected porous structure in all cases (Figure 18). It can be observed an increase in pore
size when gelatin concentration was increased, and also when increasing the GP 1 content.
Interconnection also seems to increase in gelatin-GP samples, respect to the control samples.
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L

Entry 3 (C)

Entry 7 Entry 8 Entry 9
Figure 18. Microsgraphs (x120) of hydrogels formed in Entries 1-9 of Table 10, taken after freeze-drying.
A rheological study of the hydrogels obtained was carried out in order to determine their
viscoelastic behaviour. A strain sweep test was performed at 37 °C and 1 Hz to evaluate the
storage (G’) and loss (G”) moduli of gelatin hydrogels.

In Table 11, a high increase in G’ and G” values (measured at 1 % of strain, in the LVR)
was observed when increasing GP 1 concentration, but a lower increase was observed when
increasing gelatin concentration (when fixing the GP 1 content), except for Entries 5 and 6
where G’ and G” are quite similar. It can also be observed that the storage modulus was higher
than the loss modulus in all cases. From these results, a more elastic than viscous behaviour
was inferred, and thereby, a material more solid than liquid was obtained in Entries 5-9.
Moreover, it was observed that the solid behaviour increased when GP 1 and gelatin
concentrations were increased. This change was more obvious with the variation of the GP 1
content. This rheological response is attributted to the higher density of cross-links. The
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presence of cross-links reduces the intrinsic mobility of the polymer chains, and then increases
the relaxation times. Consequently, at short times the materials show an elastic behaviour. In
Figure 19, the results of strain sweep tests are shown.

Entry Gelatin [wt.%] Genipin [wt.%] G’[Pa] G”[Pa] Ec[J'mJ]

1(C) 2 0 -

2(C) 6 0 -

3(C) 10 0 -
4 2 0.125 -
5 6 0.125 76 0.7 0.03
6 10 0.125 66 0.9 0.1
7 2 05 884 19.6 0.7
8 6 05 962 19.9 2.9
9 10 05 1461 29.7 55

Table 11. G’, G”and Ec values of Entries 1-9. In Entries 1-4, measures were not possible due to
transition from solid to liquid states at the experimental temperature, 37 °C. G’and G” values are taken
at 1 % strain, in the LVR.

10000
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—— Entry 5 (G") —— Entry 6 (G") —— Entry 7 (G") —— Entry 8 (G") —— Entry 9 (G")
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1000 R R R e S S e s e st

G, G" (Pa)

01 S — ———r—rrrrr

0,1 1 10 100
Strain (%)

Figure 19. Strain sweep representation for the Entries 5-9 in Table 11 in an oscillatory test at a frequency
of 1 Hz.
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For Entries 1-4, rheological determinations could not be performed due to the transition from
solid to liquid at the controlled temperature, 37 °C. From Figure 19, the cohesive energy (Ec)
values were determined for Entries 5-9 (Table 11). This parameter also increased more when
increasing GP 1 concentration than when gelatin content increased. This means that cross-
linking, by covalent bond formation, is the main structural parameter that determines the
gelation of the gelatin-GP hydrogels.

A frequency sweep test was also performed at 37 °C and 1 % strain to characterize the
viscoelastic behaviour of the samples. In Figure 20, it can be observed that G’ > G” at
frequency values less than @, which means that the hydrogels obtained were more elastic than
viscous in the frequency region studied.

10000
E —e— Entry 5 (G') —— Entry 6 (G) —*— Entry 7 (G) —— Entry 8 (G') —&— Entry 8 (G')
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.... PP
10004 == e eeees
E 00000 + s 0. T g S
100 4
— 3
o E
o
=
0]
S 104
o E
] e
0,1 At —————rrrr .
1 10 100
o (Hz)

Figure 20. Frequency sweep representation for the Entries 5-9 in Table 11 in an oscillatory test at a strain
of 1%.
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6.3. FEASIBILITY STUDY FOR OBTAINING MACROPOROUS HYDROXYAPATITE
REINFORCED WITH COLLAGEN OR GELATIN

The results obtained in this research allow to formulate the hypothesis that artificial bone
tissue could be simulated in vitro, by obtaining macroporous hydroxyapatite and reinforcing it
with imbibed cross-linking gelatin hydrogels.

A novel hydroxyapatite/gelatin reinforced porous material could be obtained, by imbibing
macroporous hydroxyapatite with gelatin, previous to its gelation. This seems also possible for
collagen if done with a higher average molecular weight, since, then, gelation seems that could
occur, as with gelatin.

The formation of these novel biomaterials could be studied in the future. This subject could
be a very interesting and promising continuation of the present work.
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7. CONCLUSIONS

The interpretation of the results has allowed to reach the following conclusions:

a)

Synthesis of macroporous hydroxyapatite foams

Macroporous hydroxyapatite has been synthesized, by a method based on previous
publications [23, 25, 37, 45]. The synthesis has been optimized, by studying the
influence of the different parameters.

Water concentration in stoichiometric excess was required for TIP 2 hydrolysis. Ca
concentration, in excess respect to the stoichiometric molar ratio of Ca/P = 1.67, was
also required to obtain hydroxyapatite.

The volume of ethanol, used as solvent, was optimized in order to obtain a good
homogeneity during the whole process.

Low agitation speed, < 60 rpm, was enough for good homogenisation during the sol-
gel reactions, and an aging time between 3-6 days was suitable for cross-linking.
Hydroxyapatite was identified by XRD and IR spectra, and also by its water
insolubility. The results confirmed the synthesis of hydroxyapatite.

A F127/TIP molar ratio smaller than 1 was suitable for the formation of a
macroporous structure.

Slow temperature ramps during calcination, 2 °C/min, leaded to less fractured
macroporous hydroxyapatite.
Preparation of collagen hydrogels

Formation of collagen hydrogels was not observed after the addition of genipin 1.

An increase in viscosity was observed when increasing both collagen and genipin 1
concentrations. However, elastic gels were not observed by rheology, even at very
high concentrations of both collagen and genipin 1. Consequently, it was concluded
that gelation had not occurred.

The absence of gelation was attributed to low average molecular weight of the
collagen molecule (2000 Da). The chains could be too short for producing a polymer
network that would increase the elastic modulus (G').
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In.
a)

Preparation of gelatin hydrogels
Gelatin hydrogels were obtained by adding genipin 1. The rheological determinations
showed that the elastic modulus (G’) was much higher than the viscous modulus
(G”), which is typical of hydrogels. The formation of gelatin/genipin hydrogels was
achieved thanks to the high molecular weight of gelatin, which is much higher than
the molecular weight of the collagen, previously used.
Control samples, in absence of genipin 1, remained orange whereas gelatin/genipin
samples became dark blue. This change was attributed to cross-linking reactions.
Samples in presence of genipin 1 gelled much faster than samples in absence of
genipin 1, demonstrating the formation of cross-links between gelatin chains.
Gelation velocity increased with genipin 1 concentration. This was attributed to a
higher degree of cross-linking. Moreover, the elastic modulus (G’) also increased with
genipin 1 concentration. These results clearly confirmed the formation of gelatin-
genipin-gelatin covalent bridges, demonstrating cross-linkage.
The increase in gelatin concentration also increased both gelation velocity and gel
elastic modulus (G).
The cohesive energy (Ec), calculated from the rheological properties, greatly
increased with the increase in genipin 1, but increased slightly with gelatin content.
This is consistent to a gelatin polymer network, which is cross-linked with genipin 1.

A method for the synthesis of macroporus hydroxyapatite has been optimized. The

macropores are formed by the templating effect of surfactant droplets dispersed in the

ethanol/precursors mixture, as described in a previous publication [23]. The method allows

formation of large porous monaliths, and it could be scaled-up to obtain large porous blocks,

resembling natural bone. The formation of cross-linked gelatin materials has also been

achieved. Therefore, the synthesis of porous hydroxyapatite/cross-linked gelatin composite

materials can be possible. This material, consisting of hydroxyapatite reinforced with gelatin,

could be more similar to natural bone, and thus, it could be considered a biomimetic material.

The hydroxyapatite/gelatin composite could simulate the features and functions of bone tissue.

Therefore, the synthesis of hydroxyapatite/gelatin composites can be a very interesting subject

for research, and possible studies as bone substitute could be carried out. This subject can be

the scope of a future research.
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8. ACRONYMS

EISA - Evaporation-induced self-assembly

EtOH - Ethanol

F127 - Pluronic® F 127 NF

FTIR or FT-IR - Fourier transform infrared spectroscopy
GP - Genipin

HAp — Hydroxyapatite

HLB — Hydrophilic-lipophilic balance

LVR - Linear viscoelastic region or linear viscoelasticity region
O/W (emulsion) - Qil-in-water (emulsion)

PBS - Phosphate buffered saline

rpm — Revolutions per minute

r. t. — Room temperature

S/A (emulsion) — Surfactant-in-alcohol (emulsion)

SEM - Scanning electron microscopy

TIP - Triethyl phosphite

WIO (emulsion) — Water-in-oil (emulsion)

XRD - X-ray diffraction









