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Abstract 

The using of petroleum-based plastics is nowadays a growing problem: they  are cur-

rently produced from fossil fuels, a finite resource, consumed and discarded as non-

degradable wastes, worsening the environment. The aim of this work was to produce 

newly conceived bio-based and bio-inspired solutions towards the treatment of dental 

diseases and air filtration in artificial ventilation. To this aim, natural polymer derived 

from renewable materials of food industry were used.  

Following concepts of bio-mimicking and hierarchical organization, scaffolds chemically 

and morphologically mimicking different components of the tooth, in specific the dentin 

and the whole periodontium (cementum, periodontal ligament and alveolar bone), were 

developed. Biomineralization processes performed on appropriate polymeric matrixes 

were setup to synthesize hybrid materials with the same chemico-physical properties of 

the natural mineralized tissues (dentin, cementum and alveolar bone). Self-assembling 

pH-dependent process and tape-casting were applied to type I collagen to develop the 

thin layer mimicking the not mineralized periodontal ligament. Structural and morpho-

logical features reproducing those of the natural tissues were achieved through chemi-

cal cross-linking treatments and freeze-casting or electrospinning processes. In vitro in-

vestigations performed on the developed 3D scaffolds indicate good cell viability, adhe-

sion and proliferation. 

Employing biomimetic principles and natural renewable materials, also a core-shell Heat 

and Moisture Exchange (HME) air filter, was developed. The shell part was obtained by 

applying the freeze-drying process on a chemically cross-linked hydrogel developed by 

blending suitable ratios of gelatin and chitosan. The core part of the filter was instead 

reached by mixing the FeHA powder, endowed with high hyperthermic properties, with 

an alginate matrix.  

With this approach an air filter suitable for tracheostomised patient was successfully 

developed, having antibacterial and heat and moisture exchange properties, able to 

absorb the moisture from exhaled air of the patient and to release it into the inhaled air.   



 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

AIM OF THE WORK 

 

Nature has always been inspiration for human advancements, since the solutions pre-

sented by nature are examples of highly effective and power-efficient mechanisms and 

materials with the additional advantage of being non-polluting. In particular the bio-

based polymers are receiving high interest from researchers all over the world, because 

advanced materials from renewable resources are becoming more and more in demand. 

Two are the main motivations of this focusing: (i) the deteriorating environmental con-

ditions, caused by advancements in technology, population expansion, etc. and (ii) the 

availability of fossil and not renewable resource which, according to the experts, will 

decrease drastically between one and three generations.  

 

²ƛǘƘƛƴ ǘƘƛǎ ŎƻƴǘŜȄǘ ǘƘŜ 9ǳǊƻǇŜŀƴ ǇǊƻƧŜŎǘ ά{aL[9¸έ ό{ƳŀǊǘ ƴŀƴƻ-structured devices hier-

archically assembled by bio-mineralization processes) was conceived. The aim of this 

project is to point out that nature-inspired ideas may provide innovative and non-

conventional processes that could be used in the design of medical devices, not only to 

be implanted, but also to be used ex vivo.  Starting from abundant and environmentally 

safe raw materials  and through phenomena inspired by nature like bio-mineralization, 

self-assembly and self-organization ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ generate elementary micro-sized 

building blocks, which are properly directed to be organized in macroscopic complex 

materials for application in EHS (Environment, Health, Safety) and Biomedical fields. In 

particular the present research activity is focused on the development of new class of 

devices fully made by environmental friendly materials designed to provide new solu-

tions towards the local cure of teeth and the treatment of the air from artificial ventila-

tion before it reaches the user. 

 

Oral diseases are common results of a variety of causes like lifestyle (i.e. dietary habits, 

use of tobacco), trauma, genetic disorders and aging. These disorders, quite apart from 



 
 
the socio-economic impact (traditional treatments of oral diseases have economic bur-

den of 5-10% of the whole healthcare expenses in developed countries), can lead to 

ǇƘȅǎƛŎŀƭ ŀƴŘ ƳŜƴǘŀƭ ǎǳŦŦŜǊƛƴƎ ǘƘŀǘ ƳŀǊƪŜŘƭȅ ƭƻǿŜǊ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭΩǎ ǉǳŀƭƛǘȅ ƻŦ ƭƛŦŜΦ DƛǾŜƴ 

the progressive raise in the mean age of the active population, it is reasonable to as-

sume that tooth lost and impaired oral function are expected to increase, while there is 

the need instead to quickly regain full activity and retain chewing capacity even at ad-

vanced ages. Progresses in these fields driven by advanced and innovative clinical 

treatments are main goals of modern medicine as they will significantly extend the qual-

ity-of-ƭƛŦŜ ȅŜŀǊǎ ǇƻǇǳƭŀǘƛƻƴΣ ŀƭǎƻ ŜƴǎǳǊƛƴƎ ǇŀǘƛŜƴǘΩǎ ŦŀǎǘŜǊ ǊŜŎƻǾŜǊȅ ǿƛǘƘ ƳƛƴƛƳŀƭƭȅ ƛƴǾa-

sive solutions and improved functionality of the diseased tissues. 

 

The artificial ventilation bypassing the upper airways is very common in critically ill pa-

tients and in long-term care, in order to facilitate ventilation of the lungs, and to prevent 

the possibility of airway collapse or obstruction. As critical care advances and intensive 

care unit mortality declines, the number of survivors of critical illness is increasing. The-

se survivors frequently experience long-lasting complications of critical care, beginning 

precisely from breathing. Respiratory system hypothermia, disruption of the airway epi-

thelium and hospital-acquired infection are some of the inconveniences that a bankrupt 

artificial ventilation can cause to patients. In order to meet the increasing needs of 

healthcare the continuous improvement of the medical devices must be the subject of 

mainstream academic and commercial research and development activity. 

 

The implanting devices developed in this Ph.D. project consist in bioresorbable scaffold 

mimicking dentin for the repair and regeneration of defects left by normal and deep 

caries and a chemically and morphologically graded scaffold for the regeneration of the 

whole periodontium apparatus (alveolar bone, periodontal ligament, cementum).  

The highlight of the first scaffold resides in the high biomimicry with the target tissue, 

and this will enable it to direct the differentiation of the cells recruited from the blood-

stream, reaching strong regenerative effects. 



 
 
 
The second device was designed, instead, for the stabilization of titanium dental im-

plants; in fact it could increase the resilience of implants up to the performances of 

normal tooth. Restoration of the periodontal ligament at the bone-cement interface will 

strongly reduce the peri-implantitis incidence impacting either on mechanical or biologi-

cal factors. 

The third device developed in this Ph.D. project is a completely biodegradable air filter 

capable of moisture exchange, during the alternate breathing cycle, from the exhaled air 

to the inhaled air. At the same time the device, under a magnetic field is capable to heat 

the air directed to the patient thanks to its hyperthermic power. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 

INTRODUCTION 

 

2.1  Biologically inspired approach for materials development 

Biomimetics  is a relatively recent multidisciplinary study embracing the use of nature as 

a model for innovative materials, structures and strategies. The first biological inspired 

process was brought to public attention by Otto H. Schmitt in 1957, who produced a 

physical device mimicking explicitly the electrical action of a nerve. He coined the term 

ά.ƛƻǇƘȅǎƛŎǎέ ǿƘƛŎƘ ƛǎ ǘƘŜ ōŀǎŜ ƻŦ ά.ƛƻƳƛƳŜǘƛŎǎέ[1], increasingly used in emerging tech-

nology interchangeably with ά.ƛƻƳƛƳŜǎƛǎέ, ά.ƛƻƳƛƳƛŎǊȅέ ŀƴŘ ά.ƛƻƭƻƎƛŎŀƭ ƛƴǎǇƛǊŜŘ Ře-

ǎƛƎƴέ[2]. Biologically inspired approaches have been particularly attractive in several 

fields; in over 3.8 billion years of evolution, in fact, nature has introduced solutions max-

imizing functionality with reduced energy and materials and with no impact on envi-

ronment, exactly the targets faced by the actual technological challenges. For these rea-

sons researchers have been interested for years in trying to copy biological useful char-

acteristics, including self-assembling and structural hierarchical organization, multifunc-

tionality and environmental adaptability. In the past fifty years there was an increasing 

number of bioinspired technologies such as bone-like materials based on wood, tough 

ceramics based on mother-of-pearl, self-cleaning structures based on flowers, underwa-

ter glues based on mussel adhesive, drag reduction based on dermal riblet on shark skin, 

flight mechanisms based on insect flight, etc.[3,4,5,6,7,8]. 

In particular the last decade developments concerning nature-based materials and na-

ture-inspired processes with potential biomedical applicability are achieving particular 

prominence thanks to their low impact on environment and exclusive high bio-

compatibility[9,10,11,12]. 



 
 
 

2.2  Bio-based polymers and cross-linkers 

The exploitation of biomimesis using polymers from natural sources for end-user appli-

cations represents a formidable challenge for industries worldwide in order to enhance 

their innovation potential. Bio-based polymers can be produced from renewable biogen-

ic resources and are efficiently biodegraded, so represents eco-sustainable and, in most 

cases, inexpensive feedstock with exclusive features which often cannot be obtained in 

laboratory. 

A definition of bio-based products  was provided in 2002 by the US Congress in the Farm 

Security and Rural Investment Act which defined them as commercial or industrial 

products that is composed, in whole or in significant part, of biological products or re-

newable domestic agricultural materials (including plant, animal, and marine materials) 

or forestry materials[13]. Native bio-based materials could also be modified by physical, 

chemical or enzymatic methods to impart conformational changes or activation of func-

tional groups and meet specific industrial applications.  

Bio-polymers could be originated from several resources included microorganisms fer-

mentation (like polyhydroxyalkanoate, bacterial cellulose, etc.), synthesis from bio-

derived monomers ( i.e. polylactic acid) or extract from plant and animals (Fig. 2.1). 

Regarding the polymers from biomass the three major groups of plant-based polymers 

are proteins, oils and polysaccharides[14]. The amino acid polymers  derive mainly from 

oilseeds (i.e. soybeans) and grains (i.e. wheat and corn) and are usually produced as by-

products of processing. They are commonly used as major ingredients for feed and 

pharmaceuticals[15,16,17]. Plant oil which are mostly produced and used are soy oil, corn 

oil and flax oil; they are composed by triglycerides and contain several fatty acids with 

differ in chain length, distribution and composition, which results in differences in physi-

cal and chemical property of the oil. Adhesives and resins can be derived from bio-oils 

using synthetic techniques similar to those used with petroleum-based polymers[18,19]. 



 
 
 
Starch and cellulose  are the main naturally occurring polymers in the carbohydrate fam-

ily and they can be obtained from  various sources with environmentally safe processes. 

The major resources for starch are corn, wheat, sorghum and potato and vegetal fibers, 

include wood and crop residues such as straw and milling by-products are the main 

sources of cellulose. These polysaccharides have been used in the food and nonfood 

industries, as well as in the paper production[20,21,22]. Also alginate, a polysaccharide pol-

ymer made from brown algae is widely used in food and nutraceutical industries[23]. 

Protein and polysaccharide polymers could be also made from animal sources. Collagen 

is the most abundant protein polymer in mammals, and gelatin is its hydrolyzed deriva-

tive. They are extracted from animal tissues, such as equine tendon and porcine skin. 

They have a massive application both in food and biomedical fields[24,25]. In the family of 

polysaccharide polymers made from animals chitin and chitosan, its deacetilated com-

pound, are and they find their major use is in feed and biomedical the fields[26]. 

 

Figure 2.1. Reassume of possibly sources of main natural polymers.  

Bio-based polymers 

Produced by 
microrganisms 

PHA, pullulan, 
bacterial 
cellulose 

Extracted from 
biomass 

Proteins 

Plant 
origin 

Zein, soy, 
gluten 

Animal 
origin 

Collagen, 
gelatin, 

casein, whey 

Lipids 

Cross-linked 
triglycerides 

Polysaccharides 

Plant 
origin 

Starch, cellulose, 
alginates, 

pectins, gums 

Animal 
origin 

Chitin, 
chitosan, 

hyaluronic acid 

Synthesized from bio-
derived monomers 

PLA, 
PGA 



 
 
The biggest challenge in the use of natural polymers in devices development lies in their 

frequent poor mechanical properties. For this reason is well-known the introduction of 

molecules that will act as cross linking agents to improve mechanical properties[27, 28,29].  

Some of the main bio-based polymers, which are used in this PhD thesis, and their cross-

linking agents are subsequently more thoroughly treated. 

 

2.2.1  Collagen 

Collagen is the most abundant protein in animals and is the major component of the 

extracellular matrix and connective tissues, like tendons, ligament, and forms the matrix 

of bone and teeth[30]. A single collagen molecule (also known as tropocollagen) consists 

of three polypeptide chains, which contains a predominant sequence of amino acids, 

Gly-X-Y, where X and Y position are frequently occupied by proline and hydroxyproline 

respectively (primary structure). Thanks to the rigidity of their structure, these amino 

acids locally affect the configuration of the chains which is wrapped in left-handed helix 

(secondary structure), made steady by inter-chain hydrogen bonds. The three chains are 

then wrapped in a right-handed triple helix (tertiary structure), stabilized by intra-and 

intermolecular interactions as well as the water of hydration. The quaternary structure 

is characterized by the repetition of the structural triple helix unit, packed to form a col-

lagen microfibrilla (Fig. 2.2). This particular three-dimensional structure, makes the col-

lagen not soluble in water. The amino acids present in the amino acid sequences of col-

lagen contain amino (-NH2), carboxyl (-COOH) and hydroxyl (-OH) groups which, togeth-

er with the peptide bond of the main chain, represent the possible sites of chemical in-

teraction of collagen molecule. By the amino acid composition of the collagen protein 

depends its isoelectric point (pI) that is the value of pH where a particular molecule or 

surface carries no net electrical charge; for the collagen, this pH value is equal to 5.5[31]. 

So far, 28 types of collagen have been identified, but the type I is largely the most abun-

dant and exhibits identical amino acid composition in two of the three polypeptide 



 
 
 
chains. Type I collagen is the most used in the development of materials for regenera-

tive medicine, due to its good physico-chemical stability and processability, high safety 

and biocompatibility profile[32,33].  

Figure 2.2 Assembling and final structure of collagen fiber[34]. 

  

2.2.2  Gelatin 

Gelatin derives from thermal, physical or chemical degradation of collagen. It is an edi-

ble biodegradable and biocompatible polymer[35] and it is divided into two main types: 

Type A, which is derived from collagen of pig skin by acid pre-treatment, and Type B, 

which is derived from collagen of beef hides or bones by an alkaline process; gelatin 

Type A was used for the experiments described in this Ph.D. thesis. Amino acid composi-

tion of gelatine is variable, depending on the raw material and process used, but mostly 

ƛǘΩǎ ŎƻƳǇƻǎŜŘ ōȅ ƎƭȅŎƛne, proline and lysine (Fig. 2.3).  



 
 

 

Figure 2.3 A general structure of gelatin[36]. 

Gelatin naturally forms physical gels in hydrogen-bond friendly solvents above a concen-

tration larger than the chain overlap concentration (~2 % w/w). The gelatin sol under-

goes a first order thermo-reversible gelation transition at temperatures lower than 30°C, 

during which gelatin molecules undergo an association-mediated conformational transi-

tion from random coil to triple helix. The aggregation is stabilized through intermolecu-

lar hydrogen bonding[37], during which, three dimensional interconnected network con-

necting large fractions of the gelatin chains is formed[38]. 

 

2.2.3  Chitosan 

Chitosan is a biocompatible and bioerodible cationic polymer made by partial deacetyla-

tion of chitin, the structural element of exoskeleton of crustaceans. It is composed so, of 

ǊŀƴŘƻƳƭȅ ŘƛǎǘǊƛōǳǘŜŘ ʲ-(1-4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-

glucosamine (acetylated unit) (Fig. 2.4). 

 

Figure 2.4 Structure of chitosan from the deacetylation of chitin. 

deacetiylation 



 
 
 
Chitosan has a broad agricultural, and industrial uses as well as biomedical applications 

thanks to its pH-sensitive structure, due by amine groups that become deprotonated 

above the pH range of 6.2 ς7.0, and antimicrobial activity[39]. Naturally insoluble in wa-

ter, chitosan can be dissolved in aqueous solutions with a pH below 6.2, such as acetic 

acid, and the amino- and hydroxyl groups on chitosan chains allow for relatively easy 

cross-linking. 

2.2.4  Alginate 

Alginate is a natural polysaccharide mainly isolated from brown sea algae[40] and is bio-

degradable under normal physiological conditions. It is an unbranched binary co-

polymer and consists of alternating residue of (1-4)-ƭƛƴƪŜŘ ʲ-D-mannuronate (M) and its 

C-р ŜǇƛƳŜǊ ʰ-L-guluronate (G), covalently linked together in different sequences or ho-

mopolymeric blocks. (Fig. 2.5). Different formulations have been tested showing good 

ŀōƛƭƛǘȅ ƛƴ ǎǳǇǇƻǊǘƛƴƎ ŎŜƭƭǎ ǇǊƻƭƛŦŜǊŀǘƛƻƴΣ ōŜŎŀǳǎŜ ƛǘΩǎ ŀōƭŜ to provide micro-environments 

similar to those presented by the extracellular matrix, and slow degradation rate in 

physiological conditions[41,42]. 

 



 
 
Figure 2.2 Structure of alginate with with homopolymeric blocks ̡-D-mannuronate (M) and L-

guluronate (G). Ring conformations in the alginate chain: M: 4C1 and G: 1C4. 

It is an anionic polymer, and as many ionic polysaccharides, alginate has the ability to 

bind divalent cations and forms sable ionically cross-linked gels. The most common algi-

nate cross-linking is a calcium-mediated interaction, where two pairs of two consecutive 

G units, each pair belonging to different polymer chains, are packed with the calcium 

ions located between them (Fig. 2.6). The polymer chain adopts a characteristic zigzag 

shape called, for this reason, ά9gg-boxέ model[43]. 

 

Figure 2.6 DŜƭŀǘƛƻƴ ƻŦ ƘƻƳƻǇƻƭȅƳŜǊƛŎ ōƭƻŎƪǎ ƻŦ ʰ-L-guluronic acid junction with calcium ions: 

ǘƘŜ ά9ƎƎ-ōƻȄέ ƳƻŘŜƭ[44] (blue rings: M, yellow rings: G). 

 



 
 
 

2.2.5  Cellulose Acetate 

Cellulose acetate (CA) is a modified natural polymer produced through esterification of 

cellulose (Fig. 2.7). It is a thermoplastic material generally recognized as a biodegradable 

polymer within the scientific community[45]. Different raw materials such as cotton, re-

cycled paper, wood cellulose, and sugarcane are being used in producing the cellulose 

ester biopolymers and this makes it an inexpensive material. 

 

Figure 2.7 Structure of cellulose acetate from the acetylation of cellulose 

Among the cellulose derivatives, cellulose acetate is widely used in industry out of its 

high modulus and resistance in the form of films and electrospun membranes[46,47]. 

 

2.2.6  Cross-linking agents 

Natural polymers commonly have low functional properties, due to the extraction pro-

cesses which often are highly aggressive and deleterious for the material structure. To 

address this disadvantage chemical, thermal or photo-induced cross-linking processes 

was implemented in order to achieve new strong intermolecular bonds, closer molecule 

packing, and reduced polymer mobility. Therefore, cross-linking has been explored as a 

viable method to modulate thermal resiliency and mechanical strength, as well as de-

crease solubility in high humidity condition and physiological environment. 

 

acetylation 

Cellulose 



 
 

2) 

2.2.6.1  Genipin 

Genipin is a natural water soluble cross-linking agent extracted from gardenia fruit (Gar-

denia Jasminoides Ellis).  Many studies have repƻǊǘŜŘ ƻƴ ƎŜƴŜǇƛƴΩǎ ƳǳŎƘ ƭƻǿŜǊ ƭŜǾŜƭ ƻŦ 

cytotoxicity  compared to  glutaraldehyde or other cross-linkers[48].  

          

 

     

 

1) 



 
 
 

       

Figure 2.8  Presumable reaction  mechanism involving genipin and a generic primary amine 

group (RςNH2)
[49] and the three possible formation of a cross-linker genipin dimer-bridge[50]. 

Genipin  has  been  reported  to  bind  spontaneously with  biological tissues and  bi-

opolymers[51] containing amino groups, like collagen,  gelatin,  chitosan, etc. Genipin  

itself  has  no  color,  but forms  blue  particles  by  spontaneous  reaction  with  amino  

acids and  protein[52]. The cross-linking mechanism of genipin and two generic primary 

amino groups, at pH  greater or equal to 5.5, are schematically explained in Fig. 2.8. 

Among other naturally occurring biocompatible cross-linkers, genipin has established its 

captivating potential in the field of biomedical application[51,52,53]. 

 

2.2.6.1  1,4-Butanediol diglycidyl ether 

1,4-Butanediol diglycidyl ether (BDDGE) is a diepoxy cross-linking agent used to stabilize 

polymers with free amine or carboxylic acid groups. BDDGE has a significantly lower tox-

icity than other ether-bond crosslinking agents and is biodegradable[56], so it is wieldy 

used to increase longevity and final properties of biomaterials[57]. 

 

3) 

pH 4-6 



 
 

 

Figure 2.9  Reaction  mechanism involving BDDGE and primary amine or carboxylic acid groups 

in different pH conditions. 

Its cross-linking ability is attributed to the reactivity of the epoxide groups at the two 

ends of the molecule: in basic conditions, the epoxide groups preferentially react with 

alcohol or carboxylic acids, while in quite acid condition (pH 4÷6) it can react with prima-

ry amino groups (Fig. 2.9). 

 

2.3  Biomaterials for regenerative medicine 

Regenerative medicine is the process of creating living, functional tissues to repair or 

replace tissue or organ function lost due to age, disease, damage, or congenital defects 

by stimulating previously irreparable organs to heal themselves[58]. It is a critical frontier 

in biomedical and clinical because it applies the principles of engineering and life scienc-

es to enhance the comprehension of the fundamental biological mechanisms underlying 

the structure function relationships in physiologic and pathologic tissues and to accom-

plish alternative strategies for developing substitutes which are able to restore, main-

tain, or improve tissue and organ function[59].  

In the last few years the biomedical research area is going towards materials science 

aiming applications of materials to health care, the so-called biomaterials. In the first 

Consensus Conference of the European Society for Biomaterials (ESB) in 1987, a bio-

ƳŀǘŜǊƛŀƭ ǿŀǎ ŘŜŦƛƴŜŘ ōȅ ²ƛƭƭƛŀƳǎ ŀǎ άŀ ƴƻƴǾƛŀōƭŜ ƳŀǘŜǊƛŀƭ ǳǎŜŘ ƛƴ ŀ ƳŜŘƛŎŀƭ ŘŜǾƛŎŜΣ ƛn-

ǘŜƴŘŜŘ ǘƻ ƛƴǘŜǊŀŎǘ ǿƛǘƘ ōƛƻƭƻƎƛŎŀƭ ǎȅǎǘŜƳǎέ[60]. However, in 2009, a more recent defini-

ǘƛƻƴ Ƙŀǎ ōŜŜƴ ǇǳōƭƛǎƘŜŘ Υ ά! ōƛƻƳŀǘŜǊƛŀƭ ƛǎ ŀ ǎǳōǎǘŀƴŎŜ ǘƘŀǘ Ƙŀǎ ōŜŜƴ ŜƴƎƛƴŜŜǊŜŘ ǘƻ ǘŀƪŜ 

a form which, alone or as part of a complex system, is used to direct, by control of inter-

pH җ ф 



 
 
 
actions with components of living systems, the course of any therapeutic or diagnostic 

procedure, in human or veterinary medicine[61]. This change in definition is indicative of 

how the field of biomaterials has evolved. The first generation of biomaterial, in fact, 

was developed in 1960s to achieve suitable chemico-physical properties to mimic those 

of the replaced tissue with a minimal toxic response[62]: a possibly non-toxic and inert 

material. The second generation of biomaterials, born in 1980s, was instead bioactive 

components that could elicit a controlled action by the biological tissue[63]. During this 

second generation of biomaterials there was also the development of resorbable mate-

rials; in this way the implantation, after a controlled chemical breakdown, would be re-

placed by regenerating tissues. Finally the third-generation of biomaterials are being 

designed to stimulate highly precise reactions at the molecular level and so direct cell 

proliferation and differentiation thereby stimulating regeneration of living tissues[64]. 

According to the new concept of biomaterial it is clear that in order to replicate proper 

ŦǳƴŎǘƛƻƴ ŀƴŘ ƻǊƎŀƴƛȊŀǘƛƻƴ ƻŦ ƴŀǘƛǾŜ ǘƛǎǎǳŜǎΣ ƛǘΩǎ fundamental the detailed understanding  

and mimicking of tissue properties up to the nanoscale. Below, the features of biological 

tissues concerned in this PhD. project were analyzed. 

 

2.3.1  Biological tissues  

All biological tissues are composed of cells surrounded by the ExtraCellular Matrix (ECM), 

mainly composed by collagen. Cells are tissue building blocks and compose the great 

variety of mammalian organs. Cells do not grow efficiently in suspension, so they need 

to be attached to a substratum[65] with proper chemical and structural properties: them 

survival is deeply influenced by the support where they are engrafted and physicochem-

ical properties of the environment. The ECM, in fact, is composed by soluble and physi-

cally bound signals as well as signals arising from cell-cell interactions. These signaling 

can induces complex intracellular signaling cascades that converge to regulate gene ex-

pression, and direct tissue formation, homeostasis and regeneration[66].  



 
 
 

2.3.1.1  Structure of teeth 

The completed permanent human dentition consists of 32 teeth and it is completed at 

about 14 to 15 years of age, except for the third molars, which are completed at 18 to 

25 years of age. Teeth are complex organs that has long held the attention of the engi-

neering which seeks materials with which replace the chewing apparatus vacations 

caused by physiological basis, like caries and aging, or trauma. Those are bioceramic 

composites, composed by hard and soft tissues. 

Each tooth is divided in crown, the upper and exposed part, and root, the lower part 

inserted into the alveolar bone; the crown and root join at the cervical line. The crown is 

covered with enamel, while the root portion is covered with cementum and attached to 

the alveolar bone within which it sits thanks to periodontal ligament. The main bulk of 

the tooth is composed of dentin, which it encloses in its interior the pulp chamber, is in 

the crown portion, and the pulp canal, in the root, which normally contain the pulp tis-

sue (Fig. 2.10)[67].  

 



 
 
 

Figure 2.10  Schematic tooth structure. 

More specifically, enamel, the outer layer of the tooth, is composed of more than 96% 

by inorganic elements, in the form of plural-substituted hydroxyapatite, and it is the 

hardest tissue in the body. The cells responsible for its formation are lost as the tooth 

emerges and this renders enamel is a non-vital and insensitive tissue. This means that 

when destroyed, for example by caries (Fig. 2.12), the enamel cannot be naturally re-

placed or regenerated[68]. Because of its high density and high mineral content, enamel 

is strong enough to withstand the stress of biting, chewing and grinding. However, that 

same trait makes enamel brittle and susceptible to cracking and chipping.  

Dentin builds the second layer. This component is similar to bone tissue, but results a 

brittle tissue. It is an avascular area composed by apatite (about 70% weight) and organ-

ic components, mainly fibrillar collagen[69]. It is the core of the tooth and extends almost 

the entire length of it, with the particular morphology represented by closely packed 

tubules traversing its entire thickness (Fig. 2.11). Because of this structure, dentin is 

adapted for dissipating pressures or forces which otherwise would induce enamel fis-

sures and detachment of the fragmented enamel from the outer dentin-enamel junction. 

Within these tubules reside the cytoplasmic extensions of cells from dentin/pulp junc-

tion that form and maintain the dentin, the odontoblasts. For this reason this tooth por-

tion is sensitive and capable of repair[68].  



 
 

  
Figure 2.11  SEM images of longitudinal (A) and transversal section (B) of dentin  

from a human molar. 

Dental pulp, the inner tooth layer, is a connective tissue organ containing cells, tiny 

blood vessels and nerves located in the deep central area within the tooth structure. Its 

primary function is to form the dentin and furnishes the blood and nerve supply to the 

tooth. The pulp canal extends almost the whole length of the tooth and communicates 

ǿƛǘƘ ǘƘŜ ōƻŘȅΩǎ ƎŜƴŜǊŀƭ ƴǳǘǊƛǘƛƻƴŀƭ ŀƴŘ ƴŜǊǾƻǳǎ ǎȅǎǘŜƳǎ ǘƘǊƻǳƎƘ ǘƘŜ ƘƻƭŜǎ ŀǘ ǘƘŜ ŜƴŘ ƻŦ 

the roots.  

Cementum is a mineralized connective tissue, similar in structure to bone except that it 

is more dense and avascular; it consists of about 45-50% of apatite and the remaining 

organic matrix is largely collagen[69]. Cementum covers the entire root surface and forms 

the interface between the root dentin and the periodontal ligament; for its intermediary 

position it functionally belongs to the periodontium, the specialized dental supporting 

apparatus. The cementum provides the anchorage of the principal collagen fibers of the 

periodontal ligament to the root surface. It has also a crucial role in adaptative and re-

parative functions, maintaining occlusal relationship and to protect the integrity of the 

root surface. The cementum thickness varies by the type of tooth and with age, but is in 

the range of 100-300 µm[70]. It has a complex architecture described as a twisted ply-
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wood structure with an alternating lamellar pattern, so that it may be represented as a 

woven fabric with wide radial and narrower circumferential collagen fibers. 

The periodontal ligament is a non-mineralized connective tissue situated between the 

tooth and the alveolar bone. Its principal function is to connect the tooth to the jaw, 

which it must do in such a way that the tooth will withstand the considerable forces of 

mastication, allowing some degree of movement of the tooth within its bone cavity. The 

periodontal ligament has also the function to minimizing the trauma of teeth of being 

pushed together and preventing the tooth to from being pushed into the bone.  This 

requirement is met by the masses of collagen fiber bundles that span the distance be-

tween the bone and the tooth and by ground substance between them. At one extremi-

ty the fibers of the periodontal ligament are embedded in bone and at the other ex-

tremity the collagen fiber bundles are embedded in cementum. Besides the collagen, 

the periodontal ligaments contains small blood, lymph vessels and nerves. Periodontal 

natural disease can establish itself when the gums detach from the teeth as a result of 

an inflammatory response to plaque, disease responsible for loss of periodontal tissue, 

pocket formation, and loosening and loss of teeth (Fig. 2.12). 

 



 
 

Figure 2.12  Tooth structure in natural diseases[71]. 

The final component of the periodontal apparatus is the alveolar bone, which lines the 

sockets in which the roots of teeth are held. Alveolar bone is thin and compact, with 

many small openings through with blood vessels and nerves pass. The composition is 

close to the one of other bones, that is  a 70% wt. of apatitic matter and collagen-based 

organic matrix as well as water and cells. Further away from the tooth, in alveolar bone 

increases trabecular morphology. Unlike the tooth, the alveolar bone is a very active 

tissue, constantly in flux, undergoing tissue growth and resorption. Living cells are host-

ed inside the matrix and they can be classified into osteoblasts (and pre-osteoblasts), 

responsible of the production of the bone organic matrix and the regulation of the dep-

osition of the mineral part, osteocytes, positioned in the inner part of the bone, which 

can be transformed again in osteoblasts when a new formation of matrix is needed, and 

osteoclasts, which are big cells able to dissolve the mineral part of the bone. 

  

Figure 2.13  Schematic drawing of the bone structure 



 
 
 
In alveolar bone there are two different types of bone tissue: compact (or cortical) and 

trabecula (or cancellous) bone; the compact one is dense and harder, while the trabecu-

lar one is a sponge-like tissue, but they are identical in their chemical composition. The 

tridimensional structure of the compact bone is made of canals, called osteons and each 

one consists of concentric layers, or lamellae, that surround a central canal which con-

tain blood vessels and nerves. Trabecular bone is less dense of cortical one, it has higher 

surface area and is high vascularized. This structure gives the bone good mechanical 

properties with low density at the same time (Fig. 2.13). 

 

2.3.1.2  Hydroxyapatite 

Apatites constitute a large class of materials with many applications both in biomedical 

and environmental field, with general formula [MΩ2][MΩΩ3](XO4)3Z, where M represents a 

bivalent cation; XO4 represents a trivalent oxyanion and Z represents a monovalent ani-

on[72]. Among all the apatites, calcium hydroxyapatite (HA) is the most relevant in bio-

logical systems, as it is the major component of bones and teeth; its formula is defined 

as: Ca5(PO4)3(OH)[73]. In a stoichiometry HA calcium, phosphate and hydroxyl ion are 

present in the following weight percentage: Ca2+ = 39.84%; PO4
3- = 56.77%; OHς = 3.39% 

so the ratio Ca/P correspond to 1.667. The apatite prototype structure was first deter-

mined by Naray-Szabo in 1930[74] and was confirmed to adopt P63/m symmetry (Fig. 

2.14) 



 
 

 

Figure 2.14  Crystal structure of Hydroxyapatite[75]. 

The calcium ions, occupy two crystallographically different symmetry sites, 4f and 6h, 

respectively for Ca(I) and Ca(II). The Ca(I) ions are located in columns along the three-

fold axes and each is coordinated to nine O atoms. The Ca(II) ions are seven-coordinated, 

with six O atoms and one OHς ion. 

The above-described HA has been used as a model for the apatite present in the human 

hard tissues for many years, but many differences in composition and in other proper-

ties make the biological apatites different from stoichiometric calcium hydroxyapatite. 

The biological HA could be defined as a calcium-deficient, multi-substituted hydroxyap-

atite: the Ca/P ranges varies from 1.54 to 1.73 (compared to 1.67 for pure HA) and its 

lattice is very tolerant of substitutions, vacancies and solid solutions. For example Ca can 

be replaced by by Sr, Ba, Pb, Na or vacancies[76] and PO4 by HPO4, AsO4, VO4, SiO4 or CO3. 

Owing to this ability, biological apatites are capable of variable composition and there-

fore to be heterogeneous even within each category and even within each calcified tis-

sue (enamel, dentine, bone). Based on observations from in vitro systems some of these 

foreign ions affect crystallinity, morphology, lattice parameters of the biological apatites, 

and as a consequence, impart stability or instability to the tissues involved[77].  

In particular the presence of carbonate and magnesium ions in the biological apatites 

strongly contributes to the reduction of HA crystallinity and makes HA more soluble and 



 
 
 
bioresorbable in physiological fluids. Thanks to its very poor crystallinity degree, biologi-

cal apatite is not a stable material, as it is involved in the complex bone metabolism and 

thus subject to a continuous structural remodeling. An HA crystallinity increasing, due 

for example for aging, reflects in solubility decreases and a progressive decrease of the 

capacity of biologic HA to remodel itself. 

The higher is the carbonate content the higher is the metabolic activity of the tissue: for 

example, enamel, which is a nearly inert tissue, contains very few carbonate, compared 

to bone and dentin. Carbonate ions are either adsorbed on the surface or incorporated 

into the HA structure, into two different crystallographic sites, hydroxyl (A-type carbon-

ation) or phosphate (B-type carbonation). B-type carbonation is related to a higher affin-

ity of apatite for osteoblast cells, compared to A-type carbonation, as it does not alter 

the surface polarity of HA. This reflects in a higher cellular adhesion and an increase 

production of collage[78].  

It has been verified also that in calcified tissues the amount of magnesium associated 

with the apatite phase is higher (about 5% at.) at the first stages of the bone remodeling 

process and decreases with increasing calcification and with the ageing of individual. 

The presence of magnesium increases the nucleation kinetic of HA contemporary re-

tarding that of its crystallization[79]. 

 

2.3.1.3  Hard tissues mineralization 

The natural formation of hard tissue takes place through different events; the first is the 

synthesis inside osteoblast and the extrusion into the extracellular space of collagen. 

Here, the collagen microfibrils, start to assemble into fibres; during this self-assembling, 

a quarter-staggered arrangement of parallel molecules of tropocollagen is established, 

leaving a regular array gaps within each periodic unit. These areas are known as hole 



 
 
zones (40 nm in length and 5 nm in width) and as reported[80] are the preferential sites 

for the nucleation of the mineral phase (Fig. 2.15).  

  

Figure 2.15  Schematic illustration of nucleation of bone mineral crystals during self-

assembling of collagen fibrils[81]. 

The nucleation of mineral nanocrystals takes place in specific loci, highly charged from 

carboxylate groups that can bind Ca2+ ions. Following the chemical binding of calcium, 

the supersaturation of physiological fluids in phosphate ions, and optionally other minor 

species, provokes the precipitation and nucleation of the HA phase as nano-sized, plate-

shaped particles, which are initially confined to the hole zones, and progressively extend 

along the collagen fibrils. The organic template transfers several information to the 

mineral phase at the molecular level: the chemical interaction of hydroxyapatite with 

collagen prevents the crystallization of the mineral phase; the size and shape of the nu-

clei are constrained by the activation of structural and morphological control mecha-

nisms during the bio-mineralization process; the growth of nuclei is limited to very thin 

lamellae, which are spatially confined and have a specific crystal orientation. Crystal 

growth is limited to very few unit cells of the apatite lattice, with values ranging from 

30-50 nm long, 15-30 nm wide, and 2-10 nm thick. The apatite platelets develop along 

the long axis of collagen, so that the apatite crystals grow preferentially along the c axis 

of the hexagonal apatite lattice. The mineralized fibrils with a self-organization process 



 
 
 
pair up to constitute fibers and then lamellae, organized through different hierarchical 

levels up to the macroscopic bone.  

 

2.3.2  Scaffold development for tissue replace and regeneration 

Most approaches currently pursued within the framework of replacing lost or damaged 

tissues by initiating the natural regenerative process rely greatly on the ability to syn-

thesize or otherwise generate novel biomaterials, to fabricate or assemble biomaterials 

into appropriate three-dimensional (3D) forms, and to tailor physical, chemical, struc-

tural and biological properties to achieve desired clinical efficacy. In a regeneration 

strategy, biomaterials promote new tissue formation by providing porosity and appro-

priate surface to foster and direct cellular attachment, migration, proliferation, desired 

differentiation. The scaffold 3D architecture refers to the way in which a bulk material is 

distributed in space from the macro, micro to nano scales (corresponding to tissue, cel-

lular and molecular scales in a specific tissue, respectively). Consequently, such porous 

architectures plays a pivotal role for regenerating cells to form new tissues, for vascular-

ization  as well as the pathways for mass transport via diffusion and/or convection. 

While interconnected macroporosity of a biomaterial is important to provide sufficient 

space for cellular activity[82], interactions between cells and biomaterials occur at the 

interface, i.e. the entire internal pore walls of the scaffold. The surface morphology or 

topography directly and significantly affects cell-scaffold interactions and ultimately tis-

sue formation and function[83]. 

The regeneration of hard tissue is very complex process that is known to be regulated by 

multiple factors and requires a scaffold chemically and morphologically similar to bone 

in order to facilitate the attachment of osteoblasts and the formation of blood vessels 

that mediate the transport of osteogenic precursors, of secretory molecules that act as 

activators for osteoblasts, exchange the fluids and transporters of nutrients and oxygen 

(Fig. 2.16). 



 
 

 

Figure 2.16  Schematic illustration of cellular integration and growing on a new support[84]. 

Although there are various therapeutic strategies for promoting the regeneration of 

hard tissues, the use of biomaterials alone or associated with osteo-progenitor cells 

and/or growth factors is considered the safer and the less invasive. The use of auto-

grafts comes with some disadvantages such as the limited quantity available and its use 

also requires additional surgical procedures, and therefore, longer surgical time and 

possible complications of the wound of the donor site such as bleeding, pain and infec-

tion among others. Allografts and xenografts have the potential of transferring patho-

gens and to avoid the biological risk, these materials are subjected to exhaustive proce-

dures which can reduce their structural integrity leading to graft fracture and have dra-

matic effects primarily on their osteogenic and osteoinductive[85].  

A wide range of biomaterials and synthetic bone substitutes are currently used as scaf-

ŦƻƭŘǎΣ ƛƴŎƭǳŘƛƴƎ ŎƻƭƭŀƎŜƴΣ ƘȅŘǊƻȄȅŀǇŀǘƛǘŜ όI!ύΣ ʲ-ǘǊƛŎŀƭŎƛǳƳ ǇƘƻǎǇƘŀǘŜ όʲ-TCP) and calci-

um-phosphate cements, and glass ceramics, and the research into this field is ongoing[86]. 

The use of biomaterials as scaffolds for bone regeneration requires that scaffold is able 

to exchange chemical and biochemical signals with the surrounding physiological envi-

ronment, in order to address the activity of progenitor cells towards selective differenti-

ation. Physical signals, imparted by the scaffold morphology and structure, determine 

also the cell conductivity and colonization of the inner part of the scaffold. Therefore, 



 
 
 
the design and development of three-dimensional mineralized scaffolds reproducing the 

structure and the hierarchically organized morphology of hard tissues is still a challenge, 

due to limitations in the current manufacturing technologies. In this view, the new 

trends in materials science research are looking at the peerless characteristics and 

properties of natural structures as new sources of inspiration to obtain innovative and 

smart biomorphic devices[12]. 

 

2.3.2.1  Biominealization 

Bio-inspired crystallization of inorganic phases on natural template (also called bio-

mineralization), self-assembly and self-organization are an ensemble of concomitant 

phenomena, inspired by natural bone formation, that will be properly directed to gen-

erate artificial elementary nano-sized building blocks organized in macroscopic porous 

devices. It is so possible exploit the ability of such a cascade of processes to form com-

plex hybrid nano-composites starting from natural polymers ǳǎƛƴƎ άƎǊŜŜƴέ ŎƻƴŘƛǘƛƻƴǎΣ 

that is operate under ambient conditions in aqueous solution, whose characteristics and 

organization are mediated by the activation of control mechanisms and structural con-

finement conferring defined functionalities to the final devices[87]. Due to the close re-

production at a laboratory scale of the conditions naturally occurring in the formation of 

the natural tissues, Tampieri et al.[88] realized bio-hybrid composites through ŀ άbiologi-

cally  inspiredέ ǘƘǊƻǳƎƘ a direct nucleation of  biomimetic HA on self-assembling colla-

gen fibers or other natural polymeric matrix[89]. The crystals formed are very much like 

bone mineral crystals: they are multi-substituted and with a low crystallinity degree. 

2.3.2.1  Magnetism in biomedical applications 

Magnetic materials can be classified in paramagnetic, which become magnetized upon 

exposure to a magnetic field without showing permanent magnetization once the field is 

turned off, and ferromagnetic, which underwire can retain their own magnetic field 



 
 
even when the magnetic field previously applied is switches off.  The materials classified 

ŀǎ άǎǳǇŜǊǇŀǊŀƳŀƎƴŜǘƛŎέ ŀǊŜ ŦŜǊǊƻƳŀƎƴŜǘƛŎ ƴŀƴƻǇŀǊǘƛŎƭŜǎ (at a size of < 20 nm) where 

each particle is constituted by a single magnetic domain, non-magnetic on a macroscop-

ic scale and behave like common materials in the absence of an exterior magnetic field. 

However, each particle could be considered a single magnetic domain, providing a mag-

netic field at a nano-scale. In a simple approximation, the total magnetic moment of the 

nanoparticle can be regarded as one giant magnetic moment, composed of all the indi-

vidual magnetic moments of the atoms which form the nanoparticle. Very often, ferro-

magnetic nanoparticles show a certain preference for the direction, along which their 

magnetization aligns to: these nanoparticles are said to have an anisotropy in these di-

rections. Nanoparticles with an uniaxial anisotropy can quickly and randomly flip the 

direction of their magnetization. If the average time between flips results much smaller 

than the measurement time, the measurement actually observes a fluctuating state 

with different unresolved magnetization spin directions. As long as there is no external 

field applied, a time-averaged net moment of zero is measured, but as soon as an exter-

nal field is applied, the nanoparticles react similar to a paramagnet with the one excep-

tion that their magnetic susceptibility is much larger. This situation is called the super-

paramagnetic state of a system[90]. 

Of late the introduction of magnetism in the field of biology and biomaterials has been 

found useful in sophisticated bio-medical applications such as cell separation[91], drug 

delivery[92], diagnostic and contrast agent[93] and magnetic intracellular hyperthermia 

treatment of cancer[94]. The peculiarity of the magnetic materials is to allow an ON-OFF 

mechanism through the application of the electromagnetic field. 

Magnetic materials have also recently attracted a big interest in the field of regenerative 

medicine, because recent findings show that the local application of weak magnetic 

fields may stimulate cells to reproduction and differentiate[95]. In adding, regarding the 

bone tissue regeneration, it has been demonstrated that magnetic nanoparticles have 

the effect of osteoinduction even without external magnetic force[96]. In vitro test show 



 
 
 
that if magnetic scaffolds are subjected to static magnetic field application, their per-

formance in cell proliferation is even improved respect to the not-magnetic control[97]. 

Iron-doped hydroxyapatite. Among the magnetic materials usually used in the biomedi-

cal field, magnetic nanoparticles (MNPs) have drawn great interest owing to their 

unique magnetic properties, including the fact that they become superparamagnetic at 

diameters of < 20 nm[98]. A point worth noting is that uncoated magnetite nanoparticles 

are significantly cytotoxic[99], and are believed to induce redox cycling and catalytic 

chemistry via the Fenton[100], the most prevalent source of reactive oxygen species (ROS) 

in bbiological system. In adding coated iron oxide MNPs could accumulate in the brain, 

liver, spleen and lungs, demonstrating their ability to cross the bloodςbrain-barrier[101]. 

For these reasons the use of biomimetic nanostructured apatite-based matrices MNPs 

will be rapidly magnetized to saturation and respond to the exterior magnetic field, 

however ensuring their biocompatibility[102], because the metabolism of iron-substituted 

hydroxyapatite leads to the release only of ions ferric, one of the most essential ele-

ments in the human metabolism.  

Naturally, the concentration of iron within hard tissue is low, indicating that iron can be 

present within the body without entering in the apatite structure. Exposure of teeth to 

externally applied solutions containing iron leads, however, to easier incorporation of 

iron. It was investigated the local geometry of Fe2+ and Fe3+ in Fe-doped 

hydroxyapatite[103] and it was find that the Ca(II) site is energetically favoured over Ca(I) 

sites for Fe2+ substitution and that sixfold coordination is most stable. However for non-

stoichiometric Fe3+ substitution, the fourfold case is most stable at the Ca(I) site. 

  

2.4  Bio-based materials as air filters for mechanical ventilation 

The increase in life expectancy and the advancement of medical technology have led in 

the last 50 years an exponential increase in cases of patients who need a mechanical 



 
 
ventilation. A valuation made by the America Association for the Surgery of Trauma es-

timated 2.7 episodes of hospitalizations involving mechanical ventilation per 1000 popu-

lation per year and, within these, acute respiratory tract injury were estimated at 

86,2/100.000 person years, with  an estimated national costs of 27 billion representing 

12% of all hospital costs[104]. 

 Mechanical ventilation, in fact, is one of the most common interventions in the inten-

sive care unit and anesthesia treatments. In adding, mechanical ventilation is necessary 

in general when there are signs that the patient cannot maintain an airway or adequate 

oxygenation, e.g. who have acute respiratory failure, compromised lung function, diffi-

culty in breathing, or failure to protect their airway. Although lifesaving, mechanical 

ventilation can be associated with life threatening complications, including air leaks,  

pneumonia and respiratory tract injury. 

Below physiological principles of respiratory apparatus and the main features of me-

chanical ventilation were treated, emphasizing the features to be improving. 

 

2.4.1  The breath process 

The two phases of the ventilation, the inspiration and the expiration, take place thanks 

to the negative and subsequent positive pressure which goes to establish in the rib cage. 

With the rib cage expansion and the diaphragm contraction, the pressure in the chest 

cavity decreases, the lungs expand and this, in turn, causes the inhalation of the air. The 

air flux enter from nasal or oral cavity, it passes through larynx, trachea and reach bron-

chi in the lungs where the body is supplied with oxygen.  



 
 
 

  

Figure 2.17  Schematic illustration of the respiratory apparatus. 

Thanks to the antlers of alveoli and the rest breathing, there is the diffusion between 

the gaseous external environment and the blood. The next passage of air is out of the 

lungs to expel carbon dioxide, thanks to the diaphragm relaxation, and the contraction 

of the rib cage (Fig. 2.17). 

  



 
 

Figure 2.18 Temperature and absolute humidity (AH) during inspiration and expiration of a 

normal person in rest at room environment (23°C, 10mgH2O/L, 40% of relative humidity)[105]. 

During normal nasal inspiration (Fig. 2.18), air at different ambient conditions is warmed 

and simultaneously moistened, firstly from the mucosal respiratory epithelium, causing 

the mucosa cooling, and then along the whole respiratory tract. When inhaled reach the 

body temperature, 37 °C, its capacity to hold water increases and when it reaches the 

complete saturation it contain about 44 mgH2O/L of water vapor[106]. During the expira-

tion, the air which comes from the alveolar environment is at the same temperature and 

moisture conditions but when goes along the previously cooled epithelium, it is cooled 

down warming the mucosa and the water vapor is partially released by condensation[107]. 

 

2.4.2  Mechanical ventilation 

During the mechanical ventilation, an artificially assisted breathing was induced when 

disease of the heart or lungs leads to failure to maintain adequate blood oxygen levels 

(hypoxia) or increased blood carbon dioxide levels (hypercapnia). There are two main 

executive modes for the ventilation; the negative pressure ventilation exploits the fea-

tures of most mammals natural breath, namely by negative pressure. During the nega-

tive pressure ventilation ǘƘŜ ǇŀǘƛŜƴǘ Ƴǳǎǘ ōŜ ƛƴǎŜǊǘ ƛƴǘƻ ǘƘŜ ŎƻƳƳƻƴƭȅ ŎŀƭƭŜŘ άiron lungέΣ 

a chamber sealed, except for the head and neck which remain free, and where the air 

pressure into the chamber is cyclically decreased and increased, inducing an expansion 

and a compression of lungs and so the breath. This is an inherently uncomfortable pro-

cess and it has been almost entirely superseded by positive pressure ventilators, which 

work by pushing the air from tanks directly into the patient airway. This last methodolo-

gy could be divided in άnoninvasiveέ ventilation, when the ventilation is delivered 

through a face mask, or "invasive" when there is the need of instrument penetrating 

through the mouth or the skin, such as an endotracheal or tracheostomy tube. This type 

of treatment has unfortunately not only beneficial but it can lead to various kinds of 



 
 
 
complications, one of all is the risk of infection and in particular the risk of contracting 

pneumonia associated to mechanical ventilator.  

In particular the tracheal intubation by-passes the natural filter provided by the upper 

respiratory tract, which physiologically warms and humidifies inspired gases and shuts 

out bacteria. Consequently the trachea/bronchial mucosa is subjected  to an uncondi-

tionated air, to a too dry and cold, which may lead to hyperactivity of the mucous, de-

rangement of the bronchial epithelium, mucociliary clearance mechanisms and lung 

mechanics, setting the stage for intercurrent pulmonary infections and other disorders 

like coughing and dyspnea[108].  

 

2.4.2.1  Heat and Moisture Exchanger 

In order to reduce the unfavorable effects of inspiring unconditioned air, Heat and Mois-

ture Exchangers (HMEs), also known as "artificial noses", have been developed; they are 

intended to accumulating ŀ ǇƻǊǘƛƻƴ ƻŦ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ŜȄƘŀƭŜŘ ƘŜŀǘ and moisture and re-

turning them to the patient into the inspired gas. During expiration, air coming from the 

lungs is warm and humid; passing through the HME the air undergoes a release of heat-

ing due to the relatively cold device and the water condensate on the internal surfaces 

of HME. Water cached from the filter is evaporated to the cold and dry air that following 

is to be inspired, coupled with heat withdrawal (Fig. 2.19). 



 
 

 

Figure 2.19 Schematic illustration of the principles of a passive HME device at the environ-

ment/patient interface[109]. 

The International Standard for biomedical humidifiers stated that the minimum amount 

of moisture necessary for patients whose upper airways are bypassed is 33 mgH2O/L 

expressed in absolute humidity, AH (75% expressed relative humidity, RH) at 30 °C[110]. 

This value principally concerns laryngectomized/tracheotomized patients and using for 

long-term in intensive care units. During anaesthesia, in fact, the time duration of the 

bypass of the upper airway is shorter, so lower levels of humidity could be tolerated 

without causing dysfunction. For 10 h of mechanical ventilation it has been proposed 

that a minimum level of 20 mgH2O/L (RH: 45%)[111] is sufficient to prevent damage to 

tracheo-bronchial epithelia. However the using of Heat and Moisture Exchange devices 

is growing also during anesthesia treatments, since anaesthetic gases reach a maximum 

relative humidity of 40% at a temperature of 24.8 °C[112]. 

The first HME filter was patented in 1954[113] after the introduction of the technique of 

tracheostomy and positive-pressure artificial ventilation, when a good humidifier turned 

out to be essential and  hot waters humidifiers are proved to bring high cost and in-

creased work load[114]. Nowadays HME filters were employed as the sole method of hu-

midification in patients receiving mechanical ventilation[115], and many different HMEs 

are commercially available, which vary in shape, size and type of basic material. The de-

vices currently on the adopt a technology of almost 20 years ago; they consist mainly of 



 
 
 
polyurethane foam (hydrophobic HMEs) or very chip but not performing materials, such 

as cellulose sheets (hydrophilic HMEs)[116]. In order to increase heat and water retaining 

capacity, these materials are often impregnated with hygroscopic chemicals, such as 

magnesium or lithium chloride[117] and actually there are no cost effectively HME filters 

that exploit hyperthermia properties inside the filters for increment the heating. 

 

2.4.2.2  Antibacterial effect in HME filters 

Nosocomial bacterial pneumonia continues to complicate the course of 7 to 41% of pa-

tients  receiving continuous mechanical ventilation[118]. Most have serious underlying 

disease, increased oropharyngeal colonization with hospital flora, and numerous rea-

sons  for elevated body temperature or leukocytosis[119]. These effects are caused by a 

sum of causes, including the bypassing of the natural bacterial barriers and the hospital-

acquired infection due to transmission of infection between patients[120]. Anesthetic 

equipment is also characterized by the risk of cross-contamination, due to frequent pa-

tient changes at the anesthesia workstation[121]. 

During mechanical ventilation both inspired and expired gases pass through the same 

apparatus, consequently this is a suitable site at which applying a block of microbial con-

tamination. For this reason the latest generation HMEs also provide a barrier from bac-

terial or viral infection, thus providing considerable advantages over traditional heater-

warmers[122]. Often, however, these barriers are namely sieves which stop the passage 

of bacteria, but does not oppose the engraftment and colonization and, in the most case, 

cause an increasing of the pressure drop of the system which is set at 5 mbar[123]. 

 

2.5  Porous scaffolds fabrication technologies 



 
 
Depending on the desired properties and the used material, many techniques have been 

developed aimed to producing porous scaffolds for several applications. Nowadays the 

techniques varies from cheap and simple processes which gives relatively poor control 

over microstructure, to elaborate processes which give excellent control over micro-

structure, but often at the cost of time and expense.  

Solvent casting is one of the most simple technique and it is often used in combination 

with other common methods, for example, with particulate leaching. In this methods 

solid particle are embedding into the principal material solution, in order to form pores 

in the bulk of material upon removal. When the solvent evaporates, the material 

ǎƻƭƛŘƛŬŜǎ around the particles which are leached out of the material using distilled water, 

an organic solvent or through degradation (Fig.2.20). 

 

Figure 2.20 Schematic illustration of the solvent casting and particulate leaching technique[124]. 

Rapid prototyping, especially three-dimensional printing (3D printing) is widely used in 

the production of large and complex 3D porous matrices; it is a computer aided tech-

nique using a deposition layer by layer of the material with the desired geometry (Fig. 

2.22). 



 
 
 

  

Figure 2.22 Schematic illustration of the three-dimensional printing. 

Gas-foaming with carbon dioxide as foaming agent has been often used to form three-

dimensional (3-D) scaffolds. In this technology the nucleation and growth of gas bubbles 

directly into the material matrix is induced and thanks to the increasing viscosity of the 

material, bubbles remain trapped into the structure (Fig.2.21). 

 

Figure 2.21 Schematic illustration of the gas-foaming technique[125]. 

Peptide-self-assembling exploits the natural behavior of some peptides to assemble in 

-hƘŜƭƛȄŜǎ ƻǊ ʲ-sheets thanks by non-covalent bonds and interactions. It is a reversible 

and pH-dependent process, controlled by peptide type and concentration. This tech-

nique alleviate problems inevitably associated with materials handling and solvent using 

(Fig.2.23). 



 
 

 

Figure 2.23 Schematic illustration of the possibly peptide self-assembling[126]. 

Electrospinning is a versatile technology used to produce highly porous nonwoven mats 

of micro-nanometric fibers. The machinery is composed by a metallic capillary, ejecting 

the material solution, and a metallic collector, among which an high voltage is applied. 

When the electrostatic force overcomes the cohesive force of the solution, an acceler-

ated and stretched flux of material emerges from the needle directed to the collector. 

Before the deposition the electrostatic repulsions cause a convective motion of the ma-

terial which leads to dry continuous solid fibers formation. Fiber diameter and morphol-

ogy of sheets can be controlled varying features of the solution and the spinning varia-

bles (Fig. 2.24). 



 
 
 

  

Figure 2.24 Schematic illustration of the electrospinning technique[127]. 

Freeze-drying process to form a porous material consists of two stages: the freezing of 

the material (solution/dispersion), and the drying of the material by means of solvent 

sublimation. The freezing process is usually realized by a vertical cooling of the material 

and the frozen solvent is subsequently removed from the rigid material by sublimation 

applying a low vacuum and a very slow warming rate. From the voids left by solvent re-

sults the porous morphology, so the freezing step is very important in order to produce 

desirable structures: during the freezing, solvent crystals grow and solute molecules are 

excluded and solidified between the crystals. Different freezing temperature, freezing 

rate and solute concentration could have a great impact on the resulting pore structure 

of the material. For example a fast freezing results in rapid formation of ice nuclei and 

the growth of small ice crystals which leads to the preparation of materials with small 

pores and viceversa using slow freezing. 
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Figure 2.25 Schematic illustration of the freeze-drying process. 
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4431, Jul. 2014. 

[127] !Φ ½ǳŎŎƘŜƭƭƛΣ aΦ [Φ CƻŎŀǊŜǘŜΣ /Φ DǳŀƭŀƴŘƛΣ ŀƴŘ {Φ wŀƳŀƪǊƛǎƘƴŀΣ ά9ƭŜŎǘǊƻǎǇǳƴ ƴŀƴƻŦƛōŜǊǎ ŦƻǊ 

ŜƴƘŀƴŎƛƴƎ ǎǘǊǳŎǘǳǊŀƭ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ŎƻƳǇƻǎƛǘŜ ƳŀǘŜǊƛŀƭǎΣέ Polym. Adv. Technol., vol. 22, 

no. 3, pp. 339ς349, 2011. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

MATERIALS AND METHODS 

 

3.1 Raw materials 

Several polymeric component were used in the present work as described below. Type I 

collagen (Coll) extracted from equine tendon, purified and telopeptide-free, and sup-

plied as acetic gel (an aqueous acetic buffer solution with pH = 3.5 containing 1 wt% of 

pure collagen) was purchased from Opocrin S.p.A., Italy. Type A gelatin from porcine 

skin, ~280 g Bloom, was purchased from Sigma-Aldrich (S. Louis, MO, USA). Low molecu-

lar weight chitosan (degree of deacetylation between 80-85%), medium molecular 

weight chitosan (degree of deacetylation between 75-85%), high molecular weight chi-

tosan (>75% deacetylated), sodium alginate and cellulose acetate (average Mn ~50,000), 

were purchased from Sigma-Aldrich. 

Calcium hydroxide (җ95.0% pure), sodium hydroxide (җ98% pure), chloridric acid (37% 

pure), solforic acid (95-98% pure), acetic acid (җ99.7% pure), nitric acid (65% pure), 

magnesium chloride hexahydrate (җ99% pure), iron(III) chloride hexahydrate (97% pure), 

iron(II) chloride tetrahydrate (җ99% pure) and calcium chloride (җ97% pure) were all 

provided by Sigma-Aldrich.  

Finally 1,4-butanediol diglycidyl ether (BDDGE, 95 wt.% pure) and 2,4,6-

trinitrobenzenesulfonic acid (TNBS, 1 M in H2O) were purchased from Sigma-Aldrich, 

genipin (98 wt.% pure) was purchased from Wako Chemicals (USA) and phosphate buff-

ered saline (PBS) was purchased from Gibco (USA). 

 

3.2 Material processing 

3.2.1 Freeze-drying process 



 
 
Porous three-dimensional scaffolds and filters were manufactured by unidirectional 

freeze-drying technology (se cap. 2.5). Unless differently stated, the freezing ramp was 

1 °C/min until -40 °C and heating ramps were performed from -40 °C to -10°C at 5 °C/h 

and from -10 °C to 15 °C at 1 °C/h under vacuum conditions (at least P = 0.1 mbar). The 

equipment employed in the present work was a 5Pascal LIO-1000P. 

 

3.2.2 Electrospinning process 

Regarding the deposition of thin porous layers electrospinning technique was used. Af-

ter preparing the electrospinnable dispersion, it was electrospun using a 10 ml syringe, a 

21 G nozzle and a needle-collector distance of 15 cm. The fleeces were spun with a feed-

rate of 12 mL/h and 7.0 kV of voltage, at 21 °C and a relative humidity of 26%.  

Electrospun materials were produced in Friedrich-Schiller-Universität Jena Otto-Schott-

Institut für Materialforschung (Jena, Germany) with a home-made instrument. 

 

3.3  Analytical Techniques 

3.3.1  Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis is a widely used technique where the variation mass of a 

sample is measured as a function of temperature while the material is heated following 

a controlled temperature rising in a controlled atmosphere. During this measurement 

mass loss is often explained by volatile components and/or volatile degradation prod-

ucts which are carried away by the gas flow. The analyzer usually consists of a high-

precision balance with a pan loaded with the sample. The sample is placed in a heated 

oven and the atmosphere may be purged with an inert gas to prevent oxidation or other 

undesired reactions. Once recorded, the weight loss curve may require digital elabora-

tion: a derivative weight loss curve can be used to define the point at which weight loss 



 
 
 
is most apparent. Data regarding mass loss process obtained from TGA is useful to char-

ŀŎǘŜǊƛȊŜ ŀ ǇƻƭȅƳŜǊΩǎ ǘƘŜǊƳŀƭ ǎǘŀōƛƭƛǘȅΣ ŎƻƳǇƻǎƛǘƛƻƴΣ ŀƴŘ ŜȄǘŜƴǘ ƻŦ ŎǳǊŜΦ  

In this study analysis were carried out on samples weighing 8-10 mg into alumina cruci-

bles, from RT to 800°C for non-mineralized samples and to 1100 °C for mineralized sam-

ples at 10°C/min. The equipment employed was a Netzsch Gerätebau Jupiter STA (Sim-

ultaneous Thermal Analysis) 449C (Selb, Germany). 

 

3.3.2  Differential Thermal Analysis (DTA) 

DTA is a thermoanalytical technique used to study phase transitions of materials. During 

this analysis a heating rate is setting and the difference in the increasing of temperature 

of an empty reference pan and a sample is measured.  

 

A 



 
 

 

Figure 3.1 DTA thermogram (A) and scheme of a differential temperature analyzer (B). 

¢Ƙǳǎ ƛƴ ǘƘƛǎ ǿŀȅ ƛǘΩs possible to study the thermal effects on the material because a dif-

ference in temperature is indicative of endothermic or exothermic transformations that 

have occurred. An example of DTA pattern of heat flux versus temperature is shown in 

Fig. 3.1A. A DTA apparatus consists of sample and reference holders comprising thermo-

couples and a furnace (Fig. 3.1B).  

In this PhD project about 10 mg of sample were placed in alumina pans and subjected to 

heating scans at 10 °C/min from room temperature to a 1000°C. DSC measurements 

were carried out by using a Netzsch Gerätebau Jupiter STA (Simultaneous Thermal Anal-

ysis) 449C (Selb, Germany. 

 

3.3.3  X-Ray Diffraction (XRD) 

X-ray diffraction is a non-destructive analytical technique which reveals information 

about the  crystallographic structure, crystallite size, and preferred orientation in poly-

crystalline or powdered solid samples. This technique is based on observing the scat-

tered intensity of an x-ray beam hitting a sample as a function of incident and scattered 

angle, polarization, and wavelength or energy. X-ray wavelength is comparable with 

B 



 
 
 
inter-atomic distances (~150 pm) and thus is an excellent probe for this length scale. 

Powder diffraction is commonly used to identify unknown substances, by comparing 

diffraction data against a database of International Center for Diffraction Data (ICDD), or 

to characterize heterogeneous solid mixtures to determine relative abundance of crys-

talline compounds. Powder diffraction is also a common method for determining strains 

in crystalline materials. The great advantages of the technique are the simplicity of sam-

ple preparation, the rapidity of measurement and the ability to analyze mixed phases. 

Thanks to X-Ǌŀȅ ǿŀǾŜƭŜƴƎǘƘ ό˂ ōŜǘǿŜŜƴ мл ƴƳ ŀƴŘ м ǇƳύΣ ǿƘŜƴ ǘƘƛǎ ƪƛƴŘ ƻŦ ōŜŀƳ Ƙƛǘǎ 

an atom, the electrons around the atom start to oscillate with the same frequency as 

the incoming beam. As consequence of the oscillation the electrons will diffuse the inci-

dence radiation in all the directions; this phenomenon is known as the Rayleigh scatter-

ing (or elastic scattering). These re-emitted wave fields interfere with each other de-

structively in the most of the directions, but if some atoms are arranged in a crystalline 

cell, so in a regular pattern, in a few directions we will have constructive interference 

(Fig. 3.2). Miller indices (hkl) was usually used to indicate which of the various intersec-

tion planes of the ƳƛƴŜǊŀƭΩǎ crystal cell refers the constructive interference (dhkl: inter-

planar distance).          

 

Figure 3.2 Constructive and destructive interference in Rayleigh scattering of X rays 

 The overlapping waves will give rise a well defined scattered X-ray beams leaving the 

sample at various directions. The resulting wave interference pattern shown as diffract-

ed intensity ƛƴ ŦǳƴŎǘƛƻƴ ƻŦ ŘƛŦŦǊŀŎǘƛƻƴ ŀƴƎƭŜ όнʻύ ƛǎ ǘƘŜ ōŀǎƛǎ ƻŦ ŘƛŦŦǊŀŎǘƛƻƴ ŀƴŀƭȅǎƛǎΣ ŀǎ 



 
 
both the positions and the relative intensity of the lines are indicative of a particular 

phase and material.  

In contrast to a crystalline pattern consisting of a series of sharp peaks, amorphous ma-

terials produce a broad background signal. Many polymers, organic molecules or inor-

ganic glasses usually exhibit this kind of pattern, but often also inorganic nanostructured 

crystalline phases can contain also an amorphous fraction.  

Most powder diffractometers use the Bragg-Brentano parafocusing geometry. In the 

parafocusing arrangement (Fig. 3.3), the incident beam produced by the X-ray tube and 

the detector of the diffracted beam move on a circle that is centered on the sample. 

Divergent X-rays from the source hit the sample at different points on its surface but 

during the diffraction process the X-rays are refocused at the detector slit. 

 

Figure 3.3 Scheme of a Bragg-Brentano parafocusing difractometer. 

 During this work the X-Ǌŀȅ ŘƛŦŦǊŀŎǘƛƻƴ ǇŀǘǘŜǊƴǎ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ƛƴ ǘƘŜ нʻ 

ǊŀƴƎŜ ŦǊƻƳ млϲ ǘƻ слϲ ǿƛǘƘ ŀ ǎǘŜǇ ǎƛȊŜ όнʻύ ƻŦ лΦлнϲ ŀƴŘ ŀ ŎƻǳƴǘƛƴƎ ǘƛƳŜ ƻŦ мǎΦ ¢ƘŜ 

equipment adopted was a D8 Advance Diffractometer, Bruker (Karlsruhe, Germany) 

equipped with a Lynx-eye posƛǘƛƻƴ ǎŜƴǎƛǘƛǾŜ ŘŜǘŜŎǘƻǊ ǳǎƛƴƎ /ǳYŀ ǊŀŘƛŀǘƛƻƴ ό˂Ґ мΦрпмту )ύ 

generated at 40 kV and 40 mA. 

X-ray tube 
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Detector 



 
 
 
 

3.4.4  Fourier-Transform Infrared Spectroscopy (FTIR) 

Infrared spectroscopy is the subset of spectroscopy that deals with the region of the 

electromagnetic spectrum between 14000 and 10 cm-1 (from near to far-IR). The signal 

is acquired in the time domain, and through the Fourier transform ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ƻōǘŀƛƴ 

the spectrum in function of frequencies.  

Infrared spectroscopy exploits the fact that at specific frequencies the interaction with 

the radiation causes vibrational transitions (Fig. 3.4). The absorption frequencies can be 

in a first approach related to the strength of the bond and the mass of the atoms at ei-

ther end of it and around. Thus, the frequencies and the intensity of absorption can be 

associated with a particular bond type and can be used for the characterization of very 

complex mixtures. 

 

Figure 3.4 Possible vibrations detected by infrared spectroscopy 

The method employed for sample preparation is to grind finely (to remove scattering 

effects from large crystals) about 2 mg of the sample with 100 mg of anhydrous potassi-



 
 
um bromide, which is used also as a reference. This powder mixture is then pressed at 

8000 psi into 7 mm diameter disc to form a translucent pellet through which the beam 

of the spectrometer can pass through. All the spectra are the average of 64 spectra, ac-

quired at room temperature in the range of 400-4000 cm-1 at a resolution of 1 cm-1. 

The equipment employed in the present work was a Thermo Nicolet-Avatar 320 FT-IR. 

 

3.3.5  Scanning Electron Microscopy (SEM) 

The scanning electron microscope is a microscope which exploits as source radiation a 

high energy beam of focused electrons that hit the surface of the sample. The primary 

beam is not fixed, but scan in sequence, recording point by point, a small area of the 

sample at a time. The type of signals gathered in a SEM vary and can include secondary 

electrons, characteristic x-rays, and back scattered electrons (Fig. 3.5). In particular, the 

secondary electrons are generated from anaelastic interactions of the beam with the 

valence electrons of the atoms of the sample. They emerge from the sample with a very 

low energy so they can be detected only those products very close to the surface of the 

sample (ŦǊƻƳ ƭŜǎǎ ǘƘŀƴ млл ƴƳ ǘƻ ŀǊƻǳƴŘ р ˃Ƴ ƛƴǘƻ ǘƘŜ ǎǳǊŦŀŎŜ).  

 

Figure 3.5 Signals produced by the interaction of the electron beam with the sample 



 
 
 
The intensity of the secondary electron emission is therefore very sensitive to the angle 

of incidence and to the surface structure of sample. For these reasons the SEM primary 

use mode, secondary electron imaging, is capable of producing high-resolution images 

of a sample surface, it has wide range of magnifications and great depth of field yielding 

a characteristic three-ŘƛƳŜƴǎƛƻƴŀƭ ŀǇǇŜŀǊŀƴŎŜ ǳǎŜŦǳƭ ŦƻǊ ŀ ƳŀǘŜǊƛŀƭΩǎ ƳƻǊǇƘƻƭƻƎȅ ǎǘǳŘȅΦ  

¢ƻ ŎŀǊǊȅ ƻǳǘ ŀ {9a ŀƴŀƭȅǎƛǎ ƛǘΩǎ ƴŜŎŜǎǎŀǊȅ ŀ conductive sample, at least at the surface, 

and electrically grounded. For this reason nonconductive sample, like most of those 

used in this project, are usually set on a metal stub and coated with a conducting mate-

rial, like gold,  deposited at the top of the sample like an ultrathin coating with a low-

vacuum sputter coating. The measure must usually take place under high vacuum (2·10-5 

Torr), to avoid a rapid spread of the electron beam by atmosphere gas, but in ESEM in-

strument (Environmental Scanning Electron Microscope) low-vacuum (1ς50 Torr) with 

an high relative humidity are possible. 

The equipment employed in the present work was a ESEM FEI Quanta 200, Felmi-ZFE 

(Austria). 

 

3.3.6  Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 

ICP-AES, is a type of emission spectroscopy that uses a plasma to produce excited atoms 

that emit electromagnetic radiation at characteristic wavelengths for each element. The 

intensity of the radiation is proportional to the concentration of the element, which is 

obtained through a previous calibration obtained with opportune standard solutions. An 

inductively coupled plasma for spectrometry is sustained in a torch, the end of which is 

placed inside an induction coil supplied with a radio-frequency electric current. A flow of 

argon gas is introduced and an electrical spark is applied for a short time to introduce 

free electrons into the gas stream.  



 
 
These electrons are then accelerated and sometimes collide with argon atoms, cause 

the lost by argon of one of its electrons. The process continues until it is obtained an 

highly ionized gas with a number of electrons and ions of the same so as to be a good 

electrical conductor, a plasma. The samples to be analyzed are firstly solubilized and 

then introduced into the hot region through an atomizer. The temperature of the plas-

ma is very high, of the order of 10.000 K, so that the atomization of the sample is nearly 

complete, improving the accuracy of the analysis. Moreover, the carrier gas is inert 

(usually argon), so preventing the formation of oxides. As a droplet of atomized sample 

enters the central channel of the ICP, it evaporates and any substance that were dis-

solved in the liquid vaporize and then break down into atoms. At the temperatures pre-

vailing in the plasma a significant proportion of the atoms of many chemical elements 

are ionized, each atom losing its most loosely-bound electron to form a singly charged 

ion. The emission radiation is then collected by the monochromator and linked to con-

centration by calibration lines made using standard solutions at concentrations around 

the expected.  

The equipment employed in the present work was a Liberty 200, Varian (Clayton South, 

Australia)and, prior to the analysis, the amount of samples required to reach 20 mg of 

inorganic component was dissolved in 2 mL of HNO3, and the solution volume was in-

creased up to 100 mL with deionized water. Reference solutions were prepared by mix-

ing standard solutions containing the investigated atoms and an equally diluted solution 

of nitric acid was also analized and the corresponding spectrum subtracted by the exper-

imental one.  

 

3.4 Characterization methods 

3.4.1  Magnetic measurements 

    Magnetic susceptibility 



 
 
 
In magnetic materials free unpaired electrons give rise to magnetic forces which are 

attracted to a strong magnetic field, and the strength of these attractive forces are in 

direct proportion to the number of free electrons. During the magnetic susceptibility 

measurement, the interaction between a permanent magnet and the weight being test-

ed is determined as a weight using a high-resolution mass comparator to estimate the 

magnetization vs magnetic field (M vs H) curve. 

After the analysis the recorded curve can be decomposed into the sum of the paramag-

netic (linear) contribution and ferromagnetic/super-paramagnetic (S-shaped) contribu-

tion (Fig. 3.6).  

Magnetization measurements were performed in two different equipment. The fist 

equipment is a Superconducting Quantum Interference Device (SQUID) magnetometer 

Quantum 5ŜǎƛƎƴ ό{ŀƴ 5ƛŜƎƻΣ /!ύΣ ƻǇŜǊŀǘƛƴƎ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ мΦуҍорл Y ǿƛǘƘ ŀ ƳŀȄi-

mum applied magnetic field (H) of 7T. About 20 mg of material were measured in a 

ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ŎȅŎƭŜ ŦǊƻƳ ҍн¢ ǘƻ Ҍт¢ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ омл Y όŎƭƻǎŜ ǘƻ ǘƘŜ ǇƘȅǎƛƻƭƻƎƛŎŀƭ 

temperature). 

 

 Figure 3.6 Example decomposition of a superparamagnetic  measured curve (black), the par-

amagnetic contribution (blue) and super-paramagnetic contribution (red) 
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The second type of measurements were carried out by vibrating sample magnetometry 

(VSM) using a magnetometer MICROMAG3900, Princeton Measurements Corp. 

(Westerville, USA) on about 50 mg of material.  

Magnetic susceptibility tests were carried out in collaboration with HZDR (Helmholtz-

Zendrum Dresden Rossendorf; Dresden, Germany) and Friedrich-Schiller-Universität 

Jena Otto-Schott-Institut für Materialforschung (Jena, Germany).  

 

    Hyperthermic effect  

Measurement of magnetically induced heating were performed by the home-made set-

up RLC to generate a variable magnetic field. Because of the small size of the materials 

and powder tested, a 3-cm-diameter coil was used. The main coil (Fig. 3.7A), where ma-

terials are placed in, will be responsible of the alternating magnetic field. With this ap-

paratus, to generate a magnetic field of B=3.90 mT at a frequency of 313 kHz it is neces-

sary to apply a voltage of 24 V.  

In order to carry out high precision experimental tests, two concentric tubes which will 

be positioned inside the main coil to isolate the samples from the outside: an external 

black one to absorb any possible source of radiation, and another one internal partially 

closed where the sample will be placed during experimental tests (Fig.3.7B, C, D). The 

transparent tube include an internal empty space which consists of different passages 

specifically designed to cool down the internal area with air. 



 
 
 

 

     

Figure 3.7 A: Iron wire heated inside the coil after a few seconds as example. B: Transparent 

and black tubes. C: Tubes assembled. D:Tubes assembled inside the coil.  

Infrared thermometer (RS-1327 Infrared Thermometer, RS Components, United King-

dom) with a field of view 10:1 and temperature range from -20°C to 500°C (Fig. 1.1.6) 

was used to determine the sample temperature. 

Hyperthermic tests were carried out in collaboration with Pollution Srl  (Budrio, Italy), 

with a circuit designed and constructed directly in its R&D laboratory. 

 

3.4.2  Swelling and degradation test 

A 

B C D 



 
 
For the evaluation of the swelling degree cylindrical samples (Ø = 2cm, h = 1cm) were 

weighed, put  in phosphate buffered saline at 37° and, at various times, drained superfi-

cially by gentle contact with a filter paper and weighed again. The swelling percentage 

was calculated as: 

Ϸ Ὓύ
ὡ ɀ ὡ

ὡ
ὼ ρππ 

where Wi is the initial weight of dry samples and Ws are the samples weights after swell-

ing. 

For the degradation degree, at the same way, the samples were weighed, put in saline 

solution at 37° and at various times they where removed and weighed again after drying 

at 37° for 48 h in a vented oven[1]. The degradation degree as percentage of weight re-

maining was calculated as: 

Ϸ ὈὩὫρππ
ὡ ɀ ὡ

ὡ
ὼ ρππ 

where Wd are weights of dried samples at the end of the degradation test.  

Each  test  consisted  of  three  replicate  measurements and result was expressed as an 

average value. 

 

3.4.3  Wettability measurements 

For a good knowledge of the solidςliquid interfacial tensions, so the wetting behavior of 

water or other solvents on a surface, static contact angle is widely used. 

Contact angle measurement is defined geometrically as the angle formed by a liquid at 

the three-phase boundary where a liquid, gas and solid intersect. It is easily performed 

by dropping a fixed amount of solvent onto a solid sample and by direct measurement 

of the tangent angle of a drop standing on the surface of the material. Small contact 



 
 
 
ŀƴƎƭŜǎ όʻғфлϲύ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ƘƛƎƘ ǿŜǘǘŀōƛƭƛǘȅΣ ǿƘƛƭŜ ƭŀǊƎŜ ŎƻƴǘŀŎǘ ŀƴƎƭŜǎ όʻҔфлϲύ ŎƻǊǊe-

spond to low wettability (Fig.3 .8). 

 

Figure 3.8 Illustration of contact angles formed by sessile liquid drops on a smooth homogene-

ous solid surface. 

The water affinity was tested using the static contact angle on the materials in the form 

of films. In order to produce non porous films suitable for the measurements, wet mate-

rials (before cross-linking in the case of gelatin-chitosan mixture) was cast into wells of 

24-wells cell-culture multiwell plates and dried at room temperature. Distilled water of 

approximately 1 ˃ ƭ ǿŀǎ ŘǊƻǇǇŜŘ ƻƴǘƻ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ŦƛƭƳǎ ŀƴŘ ǘƘŜ ǎǘŀǘƛŎ ŎƻƴǘŀŎǘ ŀn-

gle of the drops were measured using a tensiometer Video-Based Optical Contact Angle 

Meter OCA 15+, Innovent (Germany). All data presented were the mean values of five 

measurements and result was expressed as an average value[2]. 

 

3.4.4  Bio-compatibility test 

The cells used for the cytotoxicity tests are mouse cells Balb/c 3T3 clone A31 (ATCC, CCL 

163) or mouse mesenchymal stem cells (mMSCs; Invitrogen). Some of cell culture exper-

iments illustrated in this Ph.D thesis were carried out in collaboration with LEMI - La-

ōƻǊŀǘƻƛǊŜ ŘΩEvaluation des Materiels Implantables (Martillac, France). 



 
 

Cell viability assay. In order to make an initial assessment of cell viability we used a 

qualitative test, the Live&Dead viability assay; this is a two-color fluorescence test that 

permits the simultaneous determination of live and dead cells.  

Cylindrical scaffolds, 8.00 mm diameter and 4.00 mm high, were sterilized with ethanol 

and by UV irradiation. Samples were placed one per well in a 24-well plate and pre-

soaked in culture medium. Each scaffold was seeded by carefully dropping 20 µl of cell 

suspension (5.0 x 104 cells) onto the upper scaffold surface, allowing cell attachment for 

30 minutes, before addition into each well of cell culture.  

At a set time two probes must be added to the cell couture, the calcein acetossimetile-

stere (CAM) and the ethidium homodimer (EtD) (Molecular Probes; Live&Dead® Viabil-

ity/Cytotoxicity Kit). After the incubation the CAM is converted to the fluorescent form 

όƛƴǘŜƴǎŜ ƎǊŜŜƴΣ ˂emҒ рнлƴƳύ ōȅ ŜǎǘŜǊŀǎŜ ǇǊŜǎŜƴǘ ƛƴ ƳŜǘŀōƻƭƛŎŀƭƭȅ ŀŎǘƛǾŜΣ ǎƻ ƭƛǾŜΣ ŎŜƭƭǎΤ 

the EtD instead can permeate only damaged plasma membranes of dead cells and bind-

ing nucleic acids it becomŜǎ ŦƭǳƻǊŜǎŎŜƴǘ όōǊƛƎƘǘ ǊŜŘΣ ˂emҒ сорƴƳύ
[3]. 

Images were acquired by an inverted Ti-E fluorescence microscope (Eclipse, Nikon), us-

ing FITC filters (~520nm) for CAM and TRITC filter (~650nm) for the EtD. The qualitative 

analysis was performed on images with the same fire and overlapping field (FITC/TRITC), 

at 10x magnification after 7 days of culture. 

    Cytotoxicity test as direct contact. The first step in biocompatibility evaluation is the 

study of materials cytotoxicity which was assessed according to the ISO 10993-5 stand-

ard[4]. 

Cells are seeded in multiwell plates (6 wells, 10 cm², Nunc) at the starting density of 35 x 

103 cells/cm² in culture medium; cultures are incubated for 24 hours. Cylindrical scaf-

folds, 18 mm diameter and 5 mm highΣ ǿŜǊŜ ǎǘŜǊƛƭƛȊŜŘ ōȅ ʴ-ray irradiation and then test 

material is carefully placed in direct contact with the cells in the center of each replicate 

wells. Wells are then incubated over a 24 hour period and subsequently for another 2 

minutes with Trypan blue (Sigma Aldrich), a blue dye which can penetrate only into the 



 
 
 
ŘŜŀŘ ŎŜƭƭǎΩ ŎȅǘƻǇƭŀǎƳΤ ǘƘŜǊŜŀŦǘŜǊ ŘŜŀŘ ŎŜƭƭǎ όōƭǳŜύ ŀƴŘ ƭƛǾƛƴƎ ŎŜƭƭǎ όǳƴŎƻƭƻǳǊŜŘύ ŀǊŜ 

counted using a hemacytometer. 

All cell-handling procedures were performed in a sterile laminar flow hood. All cell-

culture incubation steps were performed into an humidity controlled incubator at 37°C 

with 5% CO2. Three replicates of the test material are carried out. 

 

3.4.5  Pressure-drop and moisture exchange measurements 

The equipment used in this work (Fig. 3.9) is based on the lung model described in ISO 

9360[5] and consists of two separate circuits. The first simulates a patient model and 

includes a 2 liters rubber bag, a heated humidifier (MR428, Fisher & Paykel, Auckland, 

New Zealand), a precision weighing device and one bidirectional flow control valve and 

both inspiratory and expiratory air lines. The inspiration and expiration lines inside the 

simulated patient are separated because in this way it was possible to measure accu-

rately the absolute humidity of both lines with two capacitance-hygrometers (313-S, PCE 

Instruments, Germany). The secondary circuit basically consists of a mechanical ventila-

tor (Lifecare PLV-100, Philips Respironics, The Netherlands), which generates a bidirec-

tional sinusoidal flow. The flow delivered by the ventilator provokes a continuous 

low/high pressure effect inside the rigid reservoir which, in turns, simulates the typical 

ǇŀǘƛŜƴǘΩǎ ǊŜǎǇƛǊŀtory cycle on the primary circuit. The dry air flowing in the inspiratory 

air line is forced to pass through the filter and through the first psychrometer (where  

the absolute humidity of the inspired gases is measured) before filling the simulated 

lung. During the expiratory phase, the air is sent back through the heated humidifier 

(T=37°C), and the second psychrometer (where  the absolute humidity of the expired 

gases, AHexp is recorded), becoming saturated by the time it reaches the filter. Three 

tests were made for each sample and each test lasted two hours. 



 
 

 

Figure 3.9 Schematic diagram of the gravimetric method based on ISO 9360 for testing HME 

devices. A, B: temperature probes. 

The performance of the sample was determined by measuring the mass of water lost 

from the patient model, assessed with the weight differences of the test apparatus over 

a given period. Therefore, knowing the value of the absolute humidity of the simulated 

expired gases (AHexp), it was possible to calculate the moisture output returned to the 

patient: 

                                              Moisture output = AHexp ς moisture loss.                                 

Additionally, the humidity efficiency was also calculated with the percentage recovery of 

absolute humidity (AHrec) proposed by some authors[6]:    

                                              AHrec (%) = (moisture output / AHexp) x 100 

The pressure drop of each sample was recorded before and after preconditioning the 

sample in the test apparatus for two hours. A flow-rate of  60 L/min with dry air was 

used and resistance across the sample holder was measured by an electronic differential 

manometer (2080P, Digitron, United Kingdom). 



 
 
 
Pressure drop and moisture exchange measurement were carried out in collaboration 

with Pollution s.r.l. (Budrio).  

 

 

3.4.6  Amine cross-linking degree 

In order to evaluate the cross-linking degree which involves polymer primary amine 

groups, it has been used a method to determine the primary amine residue content of a 

material[7]. 

This method is based on the reaction of TNBS (2,4,6-trinitrobenzenesulfonic acid) with 

primary any primary amine compound, showed in Fig. 3.10. 

 

 

Figure 3.10 Reaction scheme of TNBS with a generic primary amine group. 

TNBS undergoes a nucleophilic substitution reaction with amine compound replacing 

the sulphite group. TNBS reacts at alkaline pH ǿƛǘƘ ǘŜǊƳƛƴŀƭ ʰ-amino groups as well as 

side-ŎƘŀƛƴ ʶ-amino groups and the reaction product strongly absorbs at 345 nm. No re-



 
 
action takes place in an acidic medium, this is well suited for a blank. TNBS is added to 

the primary amine containing target molecule in a large excess, that is respectively 10:1. 

Unreacted TNBS is masked by adding concentrated hydrochloric acid.  

Specifically, using 50 mL Greiner test tubes, 10.0 mg of materials was added into each of 

the 4 used tubes. At 3 of these tubes (used as replicate) 1 mL of NaHCO3 4 wt% and then 

2 mL of TNBS 1 wt% each were added, while in the last tube 1 mL of NaHCO3 4 wt%, 3 

mL of and then 2 mL of hydrochloridric acid 37 wt% and then TNBS 1 wt% each were 

added. All the test tubes was shacked in a waterbath at 37°C for 3 hours and then at the 

first 3 tubes 10 mL of hydrochloridric acid 37 wt% and 5 mL of milli-Q water were added, 

while in the last tube 3 mL of hydrochloridric acid 37 wt% and 5 mL of milli-Q water 

were added. All the test tubes was shacked in a waterbath at 37°C for 20 hours and then 

cooled down to room temperature. The yellow solution was diluted 20 times before UV-

Vis spectrometry analysis. The instrument used during this work was a Lambda 35 

UV/VIS Spectrometer, Perkin Elmer Instrument (USA) and the spectra was collect from 

200 to 800 nm at 240 nm/min. 

Through an absorbance vs concentration calibration curve it was possible to quantify 

the free primary amines present in the samples. The non-crosslinked material was used 

as the 100% free amine standard, while for each sample was chemically simulated a fully 

cross-linked material (the forth tube where acidic medium was created before the TNBS 

added) as 0% free amine standard.  

 

3.4.7  Determination of bactericidal and/or bacteriostatic capability 

The evaluation of the ability of materials to counter the growth of bacteria and molds 

was conducted as quantitative surface test carried out in according with the UNI EN 

13697:2001 standard method procedure[8] for the evaluation of bactericidal properties 

for a filter. 



 
 
 
The in vitro test was conducted using strains of Escherichia coli (gram-negative), Pseu-

domonas aeruginosa, Staphylococcuus aureus (gram-positive, bacteria belonging to the 

human-derived genus), Staphylococcus epidermidis, Candida albicans (yeast) and Asper-

gillus niger (mold) as microorganisms tested. The tests were conducted at 20±1 °C, with 

reagents and culture media specific for each strain and with a contact time of 1, 4, 24 

and 72 hours. 

Each sample surface under study (upper and inner surface) has separately been contam-

inated with an inoculum of 1 mL of each microbial suspension (microbial title of 106 

cfu/mL for bacteria and 105 cfu/mL for fungi). Specifically the chosen surface was artifi-

cially contaminated with the test organisms in the presence of a specific culture media; 

alongside these test, control plates without any testing material are also prepared. After 

the prescribed contact time, the test product is neutralized for ensuring that the speci-

fied contact time is adhered to and surviving bacteria were counted after 72 hours incu-

bation at 37 °C. The performance of the product is determined by calculating a log10 

reduction factor using the number of organisms recovered from the test materials and 

the number recovered from the control plates. 
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DENTAL REGENERATION 

 
 

The contemporary mineralization of organic matrix and self-organization of the mineral-

ized products are processes which naturally occurs in the human body during formation 

of hard tissues. Bio-inspired mineralization and self-assembling processes are the lead-

ing thread for the development of scaffolds for dental repair and regeneration which 

should exhibit physical-chemical-microstructural features mimicking different human 

tissues, in order to create a tissue conductive system. 

Natural polymers like collagen and gelatin, at state of solution or suspensions in pres-

ence of ions involved in the biomineralization process, are induced to assemble into 

fibers by pH variation. In such conditions, the self-assembly of the polymer fi-

brils/molecules as well as the heterogeneous nucleation of hydroxyapatite were simul-

taneously induced. Chemically and morphologically graded constructs were designed 

thus mimicking the multi-tissutal complexus. 

In this chapter, the developed materials was explained through two main sections: 

I. Dentin-like scaffold 

II. Try-layer periodontium-like scaffold, which, in turn, is divided in: 

i. Alveolar bone-like layer 

ii. Periodontium-like layer 

iii. Cementum-like layer 

 

4.1  Dentin 

Dentin is an high mineralized tissue (it is composed of about 70% of inorganic compo-

nents), with a channel like structure traversing its entire thickness from the inner part to 



 
 
the external. The mineral phase is a non stoichiometric and low crystalline apatite, while 

the organic component is represented mainly by collagen.  

In this work gelatin was used as a promising organic template for the biomineralization 

process and low-cost material to develop scaffolds for hard tissue regeneration. During 

my thesis I synthetized dentin-like scaffolds using gelatin biomineralized with magnesi-

um-doped hydroxyapatite (MgHA/Gel) and blending it with alginate (MgHA/Gel+Alg). 

With a controlled freeze-drying process and alginate cross-linking was possible to devel-

op scaffolds with microscopic channels comparable to dentin tubules appropriate for 

cell penetration and matrix deposition. 

The mineral phase, represented by magnesium-hydroxyapatite (MgHA), was directly 

nucleated on the gelatin molecules at room temperature during their simultaneous self-

assembling; in this way the low crystallinity of the inorganic phase is assured. Magnesi-

um ions were introduced to increase the physio-chemical, structural and morphological 

affinities of the composite with newly formed natural bone[1]. An high degree of miner-

alization of gelatin has been sought, in order to mimic the natural chemical composition 

of the dentin but the material resulted too brittle. After several tests, alginate was cho-

sen as an organic and biocompatible supporting material for the previous described 

mineralized phase[2] since it makes possible to create a scaffold with a stable 3D mor-

phology without decreasing the overall mineralization degree. The channel-like pores 

was reached exploiting the freeze-drying technique[3,4] and cross-linking of the alginate 

with Ca2+ ions, which also makes possible to reduce the degradation rate of the scaffold 

in physiological conditions.  

 

4.1.1  Synthesis processes 

The direct nucleation of the inorganic phase on the gelatin molecules was performed 

following a biologically inspired biomineralization process based on an acid-base neu-

tralization reaction[5]. So firstly 5 g of gelatin powder was dissolved in 100 mL of demin-



 
 
 
eralized water at temperature of 40°C under magnetic stirring for 1 hour. The solution 

was then cooled at room temperature and 100 mL of H3PO4 0.7 M solution were added. 

After a complete homogenization this solution was dropped in a Ca(OH)2 suspension 

(9,04 g in 500 mL of distilled water) previously enriched with MgCl2ϊ6H2O (1.19 g in 25 

mL of distilled water) to yield a MgHA/Gel composite material in the ratio 80:20 wt%. 

The amount of MgCl2ϊ6H2O was calculated to obtain a Mg/Ca ratio equal to 5 mol%. The 

drop-wise addition procedure was performed under vigorous magnetic stirring, assuring 

a slow decrease of pH up to neutrality. At the end of the dripping, the precipitate was 

left to ripen in the mother liquor for 2 hours. The product was then centrifuged and 

cross-linked for 24 h at 25 °C adding a 1% w/w BDDGE aqueous solution, setting up a 

BDDGE/Gelatin ratio equal to 1 wt%. The final product was then washed three times in 1 

L of distilled water, freeze-ŘǊƛŜŘ ŀƴŘ ǎƛŜǾŜŘ ǳƴŘŜǊ олл ˃ƳΦ 

The mineralized gelatin-alginate composite was then produced preparing an aqueous 

dispersion of the previously described MgHA/Gel with a concentration of 20% w/w and 

an alginate solution 8% w/w produced dissolving the sodium alginate in demineralized 

water at room temperature and completing the dissolution with 1 hour of sonication. 

The alginate solution was then mixed with the MgHA/Gel dispersion in a ratio of 1:1, in 

order to obtain a (MgHA/Gel)/Alginate ratio of 5:2. This mixing was poured into 48-wells 

cell-culture multiwell plates and freeze-dried obtaining a strong and porous material. 

Without removing these materials from their molds, to cross-link the alginate and stabi-

lize the porous structure it was added 1 mL of 1M calcium chloride solution for each; at 

this concentration the calcium/alginate complexation takes place before the alginate-in-

water dissolution so that the interconnected 3D porous microstructure of the scaffolds 

obtained by the previous freeze-drying could be retained. The materials was then 

washed from the excess of CaCl2 by placing them 10 times in fresh deionized water, and 

freeze-dried again to preserve the cylindrical shape and the well aligned porous struc-

ture (Fig. 4.1). 



 
 

             

Figure 4.1 MgHA/Gel+Alg dentin-like scaffold 

Other kind of materials were developed by changing the ration between the compo-

nents: 

a) MgHA(½)/Gel+Alg(½) was made at the same conditions of MgHA/Gel+Alg but mixing, 

during the blending phase, a MgHA/Gel dispersion with a concentration of 10% w/w and 

a 4% w/w alginate solution. 

b) MgHA/Gel+Gel, was made mixing a 20% w/w dispersion of MgHA/Gel with a 8% w/w 

gelatin solution; this mixing was cross-linked with BDDGE for 48h at RT before freeze-

drying. 

c) MgHA/Alg+Alg, was made using the same conditions of bio-mineralization but on al-

ginate matrix; a 20% w/w dispersion of MgHA/Alg was then mixed with a 8% w/w algi-

nate solution; the cross-linking and the freeze-drying processes were the same to those 

used for MgHA/Gel+Alg. 

The material MgHA/Gel+Alg was finally chosen as the most promising for in vitro evalua-

tions because of its structure very close to the dentin one and its high stability in physio-

logical environment. As reference material for biological tests not-mineralized samples 

(Gel/Alg), were made with the same protocol of the mineralized one, but during the 

blending phase a 10% w/w gelatin solution was mixed with a 4% w/w alginate solution. 

4.1.2  Chemical-physical characterization 

4.1.2.1  Thermogravimetric Analysis 



 
 
 
The overall loss of weight (TG) and its derivative (DTG) undergone by freeze-dried min-

eralized gelatin and final composite  are shown in Fig. 4.2. Thermal decomposition pro-

file of MgHA/Gel alone shows two distinct weight losses; the first, in the rage tempera-

ture of 30-150 °C was due to loss of absorbed water, while the second weight loss, oc-

curred between 250 and 550 °C, was attributed to decomposition of gelatin molecules. 

The thermogravimetric analysis of the final material, MgHA/Gel+Alg, shows instead 

three weight losses: the losses due to water evaporation and gelatin molecules decom-

position can be overlaid to those of the first thermal profile, while the new weight loss 

between 200 and supposedly 350°C, may be attributed to the decomposition of algi-

nate[6].  

 

Figure 4.2 Thermal decomposition profile (TG) and its derivative (DTG) of MgHA/Gel and 

MgHA/Gel+Alg. 

The thermal decomposition is completed around 600°C, with an overall decrease of or-

ganic components of about 35% of the total weight. The final weight ratio between for 

inorganic/organic composition was so fixed to 60/35 wt. 
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4.1.2.2  X-Ray Diffraction 

XRD diffraction was used to characterize the mineral phase present into the composite, 

its crystallinity degree and ensure the absence of secondary phases. 

 

Figure 4.3 XRD spectra of MgHA/Gel+Alg, MgHA/Gel compared with synthetic MgHA.  

XRD spectra of MgHA/Gel and MgHA/Gel+Alg dried materials are shown in Fig. 4.3 and 

in both of diffraction patterns hydroxyapatite was identified as a main phase (ICDD card 

n. 09-0432) and it can be stated that no secondary phases are appreciated (XRD spectra 

of MgHA prepared with the same neutralization process was shown as example in bro-

ken line; the main (hkl) indices for nanometer sized apatite are (002), (102), (210), (211), 

(112), (300), (202), (130), (222), (213) and (004), which occur ŀǘ нʻ Ґ нрΦфϲΣ 28,2°,  29,1°, 

32,0°, 33,1°, 34,1°, 35,7°, 39,9°, 46,7°, 49,5°, 53,2°[4;5]). 

!ōƻǳǘ ǘƘŜ ŎǊȅǎǘŀƭ ǎǘǳŘȅΣ ƛǘΩǎ Ŝŀǎȅ ǘƻ ǎŜŜ ŀ ƭŀǊƎŜ ōǊƻŀŘŜƴƛƴƎ ƻŦ reflections, caused partial-

ly by the presence of organic compounds, but also typical for a very low crystalline min-

eral phase.  



 
 
 
 

4.1.2.3  Fourier-Transform Infrared Spectroscopy 

Infrared spectroscopy analysis was used to determine the bands relative to functional 

groups typically present in the composite components (apatite, gelatin and alginate) and 

also to study the probable interaction between organic and inorganic phases. Fig. 4.4A 

shows MgHA/Gel+Alg spectra and compares MgHA/Gel spectrum with the one relative 

to not mineralized gelatin.  

 

Figure 4.4 A: FTIR analysis of MgHA/Gel+Alg anf MgHA/Gel compared with pure gelatin.  
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Figure 4.4 B: Detail of the pure (broked  line) and mineralized gelatin (solid line) spectra from 

1350 to 1330 cm-1. C: Detail of the starting sodium alginate (blue line) and complexed calcium 

alginate (red line) spectra from 2000 to 500 cm-1. 

Gelatin exhibited significant broad band at 3330 cmҍ1 typical for OςH stretching, an al-

most hidden band at 3082 cmҍ1 related to NςH stretching and bands around 2955 cmҍ1 

and 2880 cmҍ1 could be attributed to CH2 asymmetrical and symmetrical stretching re-

ǎǇŜŎǘƛǾŜƭȅΦ LǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǎŜŜ ǘƘŜ ōŀƴŘ ŀǘ мср9 cmҍ1, related to C=O stretching, a band 

at 1550 cmҍ1 which refers to NςC stretching of a secondary amine and a band at 1452 

cmҍ1, typical for CH2 bending. Other significand bands are the one at 1340 cmҍ1, corre-

sponding to the stretching of ςCOO group, the band at 1240 cmҍ1, reconducible to NςH 

bending and the band at 1082 cmҍ1, characteristic of C=O stretching[8]. 

The main absorption bands characteristic of hydroxyapatite appear at 1110 and 1035 

cmҍ1, related with the triply degenerated asymmetric stretching of the OςPςO bonds of 

the HA phosphate groups, at 604 cmҍ1 and 566 cmҍ1, assignable to OςH and OςPςO 

bending respectively. The peak at 1415 cmҍ1 assignable to the stretching modes of car-

bonate groups implies carbonation of the inorganic phase during the nucleation 

process[9]. Concerning the natural incorporation of carbonate ions in the apatite lattice 

during its in-situ synthesis, two cases can be distinguished: when carbonate ions replace 

tetrahedral PO4 sites (leading to the so-called B-type carbonation) and when carbonate 

groups occupy OH positions (A-type carbonation). In this case we are in the presence of 

B-Type carbonation, proved by the bending of the carbonate group at 873 cmҍ1 instead 

B C 



 
 
 
of 880 cmҍ1, typical for the A-type carbonation[10]. A proof of the chemical interaction 

between MgHA and gelatin molecules into the MgHA/Gel composite comes from the 

shift of the band corresponding to the stretching of ςCOO group of gelatin from 1340 

cmҍ1 to 1338 cmҍ1 [11](Fig. 4.4B). 

Finally typical alginate absorption bands which can be detected into the composite are 

at 1417 cmҍ1 (which added to the gelatin band results in an single broader band at 1421 

cmҍ1), 1097 cmҍ1 and 819 cmҍ1, related to ςCOO stretching, C=O stretching and mannu-

ronic acid residues respectively, while the peak related to guluronic acid residues are 

covered by hydroxyapatite stronger bands[12]. The coordination of the Ca2+ into the algi-

nate structure is proved by the shift from 1127 cm-1 to 1028 cm-1 of the frequency re-

garding the CςO stretching of both alcoholic and ether groups[13] and by the shift of the 

band due to ςCOO stretching symmetric motion from 1411 to 1417 cmҍ1 [12] (Fig. 4.4C).  

 

4.1.2.4  Scanning Electron Microscopy Analysis 

Scaffold morphology determination was carried out by scanning electron microscope. 

SEM images at low magnification (Fig. 4.5A, B) show a channel-ƭƛƪŜ ǎǘǊǳŎǘǳǊŜ ŀǎ ƛǘΩǎ Ŝŀǎȅ 

to see from the cross and longitudinal section of the scaffold. At medium magnification 

(Fig. 5/Σ 5ύ ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǎŜŜ ǘƘŜ ŘƛƳŜƴǎƛƻƴǎ ƻŦ ŎƘŀƴƴŜƭǎ ǿƘƛŎƘ ǊŜǎǳƭǘǎ  ōŜtween 70 and 

130 µm. The SEM image at high magnification (Fig. 4.5E) shows, instead, the structural 

interaction between the MgHA/Gel composite and the alginate: the mineralized powder 

(showed in detail in Fig. 4.5F) result completely incorporated into the alginate structure, 

and this well integration permits the good stability of the scaffold which does not crum-

ble even ones putted in water. In comparison with the final dentin-like scaffold, in Fig. 

4.5G and Fig. 4.5I ƛǘΩǎ ǎƘƻǿƴ ǘƘŜ cross and longitudinal section of the not mineralized 

scaffold Gel/Alg. The pores result not arranged in longitudinal channels and the surfaces 

of the material are much more smooth compared to those of the mineralized material. 
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Figure 4.5 SEM images of MgHA/Gel+Alg longitudinal (A,C) and cross section (B, D) at 100x (A, 

B) and 500x magnification (C, D). Detail of the morphological feature of MgHA/Gel+Alg (E) and 

MgHA/Gel particle (F). Comparison with longitudinal (G) and cross section (H) of not mineral-

ized Gel/Alg scaffold as reference material for biological evaluations. 

 

4.1.2.5  Inductively Coupled Plasma Atomic Emission Spectroscopy 

Quantitative ICP was applied to determine the overall content of Ca, P and Mg con-

structing the mineral phase of hybrid materials. In Tab. 4.1 are shown the most signifi-

cant data from the results of this analysis. For the intermediate material MgHA/Gel and 

for the final material MgHA/Gel+Alg. 

Materials 
(Mg+Ca)/P 

(mol) 

Ca/P 

(mol) 

Mg/Ca 

(mol) 

P 

(wt%) 

Ca 

(wt%) 

Mg 

(wt%) 

MgHA/Gel 1,69 ± 0,02 1,64 ± 0,03 3,5 ± 0,3 14,4 ± 0,3 30,4 ± 0,4 0,60 ± 0,02 

MgHA/Gel+Alg 1,92 ± 0,02 1,87 ± 0,05 3,0 ± 0,2 14,6 ± 0,3 34,7 ± 0,5 0,59 ± 0,03 

Table 4.1 ICP features of MgHA/Gel and MgHA/Gel+Alg composites. 

About MgHA/Gel composite the (Ca+Fe)/P molar ratio is very close to the hydroxyap-

atite theoretical one (Ca/P = 1,68 mol), confirming the effective replacement of calcium 

G H 



 
 
ƛƻƴǎ ǿƛǘƘ ƳŀƎƴŜǎƛǳƳ ƛƻƴǎΦ .ŜǎƛŘŜǎ ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǎŜŜ ǘƘŀǘ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ƳŀƎƴŜǎƛǳƳ 

ions detected by ICP is quite lower than the nominal one fixed for the synthesis (Ca/Mg 

= 5% mol) but according to the composition of natural dentin. So we can conclude that 

the mineralization of gelatin with magnesium-substituted hydroxyapatite was conduct-

ed effectively. 

Comparing the results for MgHA/Gel and MgHA/Gel+Alg was observed an increase of 

calcium because of that reacted with the alginate matrix during the cross-linking process. 

IƻǿŜǾŜǊΣ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ǳƴŎƘŀƴƎŜŘ ŀƳƻǳƴǘ ƻŦ ƳŀƎƴŜǎƛǳƳ ŀƴŘ ǇƘƻǎǇƘƻǊƻǳǎ ƛǘΩǎ Ǉƻs-

sible to deduce that the amount of hydroxyapatite in MgHA/Gel+Alg is no different 

compared to MgHA/Gel so the methodology can be considered preservatives towards 

the mineral phase. 

 

4.1.2.6  Swelling and degradation test 

Degradation test was conducted simulating physical condition. This test was crucial for 

ǘƘŜ ƳŀǘŜǊƛŀƭ ǎŜƭŜŎǘƛƴƎ ōŜŎŀǳǎŜ ƛǘΩǎ ŦǳƴŘŀƳŜƴǘŀƭ ƛƴ ǊŜƎŜƴŜǊŀǘƛǾŜ ƳŜŘƛŎƛƴŜ ŀǾƻƛŘ ǘƘŀǘ ǘƘŜ 

scaffold degrades before the complete tissue rebuilding.  
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Figure 4.6 Degradation weight loss for different dentin-like scaffolds 

Fig. 4.6 shows the degradation weight loss for four of the best materials developed as 

dentin-like scaffold: MgHA/Gel+Alg, MgHA/Gel(½)+Alg(½), MgHA/Gel+Gel and 

MgHA/Alg+Alg. LǘΩǎ Ŝŀǎȅ ǘƻ ǎŜŜ ǘƘŀǘ ƻƴƭȅ ǘƘŜ aƎI!κDŜƭҌ!ƭƎ ŎƻƳǇƻǎƛǘŜ ǎƘƻǿǎ ǎǳƛǘŀōƭŜ 

properties to be implanted and to constitute a valid support for cells proliferation be-

cause MgHA/Gel+Gel and MgHA/Alg+Alg, which had seemed promising, degraded in 

less than a week in PBS at 37° C and MgHA/Gel(½)+Alg(½) shows an abundant and 

steady degradation. Instead, after an initial loss of 5%wt, MgHA/Gel+Alg is stable for 

more than three weeks. 

 

Figure 4.7 Swelling degree for MgHA/Gel+Alg scaffold 

Swelling and water uptake properties are fundamental for the regenerative process be-

cause the penetration of body fluids into the scaffold allows the proliferation and sur-

vival of the cells. Fig. 4.7 shows the swelling degree of the MgHA/Gel+Alg composite in 

physical conditions. Thanks to its high porosity, after 10 hours in PBS at 37° C the scaf-

fold is able to uptake close to 900% of its weight of fluid. 

 

4.1.3  Biological characterization 

4.1.3.1  Cell viability assay 
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Qualitative cell viability test with Live&Dead assay was conducted on MgHA/Gel+Alg 

samples and not mineralized samples (Gel+Alg) was used as comparison test. As show in 

Fig. 4.8, live cell ratio was very higher respect dead cells in all the samples, but it was 

notable that the cell morphology was completely different: into the mineralized samples 

ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǎŜŜ ǘƘŀǘ ŎŜƭƭǎ ŀǊŜ well-spread, sign that there is a good cell adhesion, con-

trariwise into the not-mineralized scaffold cells had round shape. Cell spreading is an 

essential function of a cell which has adhered to a surface and precedes the function of 

cell proliferation; in fact it is well known that the size and shape of cell spreading area is 

decisive for further migratory, proliferative and differentiation behavior of anchorage-

dependent cells. If this extent is very small (i.e. attachment of round cells without for-

mation of focal contacts and spreading), the cells usually do not survive[14]. The chemical 

composition and the aligned porosity of the mineralized scaffold resulted suitable for a 

ƴƛŎŜ ŎŜƭƭκƳŀǘŜǊƛŀƭ ƛƴǘŜǊŀŎǘƛƻƴǎΣ ŀǎ ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǎŜŜ ŀƭǎƻ ƛƴ ǘƘŜ CƛƎΦ 4.9A, which shows a 

well-spread cell covered surfaces. Negative results were showed by Gel+Alg (Fig. 4.9B) 

confirming the mineralized component is very important in 3D MSCs adhesion.  

Another important aspect is the scaffold colonization: even in Fig. 4.8 ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǎŜŜ 

that the HA/Gel+Alg scaffold structure permits to the cells to adhere to the surfaces, 

and cell density increase from day 1 up to day 21. The non-mineralized Gel+Alg scaffold, 

instead, showed few cells compared to its mineralized counterpart. 

 

MgHA/Gel+Alg 

Gel+Alg 



 
 
 

Figure 4.8 Cell viability of cell-seed MgHA/Gel+alg and Gel+Alg scaffols analyzed by the 

Live/Dead assay. The scale bar is млл˃Ƴ. 

  

Figure 4.9 SEM images of mMSC grown on MgHA/Gel+Alg (left) and Gel/Alg (right) samples 

after 21 days from seeding. Cell are marked by the arrows. 

The 3D cell culture with mMSC showed the promising properties of the new scaffolds in 

term of cell adhesion and colonization. 

 

4.1.3.2  Cytotoxicity test by direct contact 

Also quantitative tests regarding the biological evaluation of medical devices were con-

ducted; according to ISO 10993-5[15] a material results not cytotoxic when cell growth 

inhibition of Balb/c 3T3 should not be higher than 30%. 

Materials % of viability Results 

MgHA/Gel 84 Non cytotoxic 

Alginate 98 Non cytotoxic 

MgHA/Gel+Alg 91 Non cytotoxic 

A B 



 
 
Table 4.2 Biological evaluation of cytotoxicity of intermediate and final materials for dentin-

like scaffold.  

As indicated in Tab. 4.2, starting, intermediate and final materials result not cytotoxic 

during in vitro tests. These data confirm the results previously obtained by the qualita-

tive Live&Dead test  so MgHA/Gel+Alg results suitable for medical applications. 

 

4.1.4  Conclusion 

MgHA/Gel composite was prepared through a biologically inspired mineralization pro-

cess, with the purpose of create a low coast hybrid material with the chemical features 

as close as possible to the composition of mineralized human tissue. Alginate hydrogel 

was then added in order to get, after a freeze-drying process, a channel like structure, 

obtaining a morphological high mimicry of the natural dentin.  

The results obtained by the TGA, XRD and ICP show that the material has proper chemi-

cal features and by SEM images it was possible to know that a correct morphology was 

reached. By swelling and degradation test, simulating the body environment, 

MgHA/Gel+Alg material was chosen as the most promising for the regeneration of den-

tin tissue because of its good resistance.. Its bio-compatibility and cells proliferation 

were established through in vitro investigations. 

These positive results constitute the necessary prerequisites for further biological in vivo 

investigations into the potential application to remineralisation process in the dentin 

cavities left by caries.  

 

 

 



 
 
 

  



 
 

4.2  Periodontal apparatus: alveolar bone 

In this section highly porous and magnetic collagen-based scaffold was used as replacing 

material for alveolar bone. The process was directed to heterogeneously nucleate su-

perparamagnetic iron-substituted hydroxyapatite (FeHA) particles on collagen molecules, 

so to obtain hybrid magnetic composites. For this purpose both ferrous and ferric ions 

were introduced in form of soluble iron salts during the bio-mineralization process; in 

this way the of specific calcium crystallographic sites with a specific coordination[16] by 

iron ions generates in the HA lattice two different sub-lattices whose interaction induces 

a magnetic behavior into the mineral phase[17].  

As previously explained, a bio-mimetic mineralization requires that the apatite phase is 

directly nucleated into and onto collagen fibrils during their self-assembling exploiting 

their pH-dependent fibration[18]. Guidance of chemical features and spatially confine-

ment imposed by polymeric matrix leads a wide nucleation sites but a limited growth of 

inorganic nuclei achieving amorphous and nano-sized crystals. 

The obtained constructs was stabilized by cross-linking procedures, in order either to 

make the hybrid composite more resistant towards physiological fluids and bio-erosion 

and thus mechanical properties. Finally, by means of freeze-drying process, an organiza-

tion of composite fibers into three-dimensional networks occurs, obtaining a material 

with pore size and distribution suitable for cells colonization.   

 

4.2.1  Synthesis process 

The magnetic composite was synthesized following a biologically inspired approach[19].  

In  order  to  obtain  scaffold mimicking the chemical composition of bone, the weight 

ratio between mineral and organic phases was fixed to 70:30 wt%. 

The nucleation of a magnetic FeHA on collagen molecules requires the preservation of 

both iron species so that they can enter the HA structure in two different coordination 



 
 
 
position and induce the superparamagnetism: actually the  acetic  acid  present  in  the 

collagen gel  suspension would have oxidize Fe2+ to  Fe3+. In order to avoid the oxidation 

a NaOH 0.1M solution was dropped on 150 g of 1%wt of collagen gel up to pH 5.5 were 

the collagen fibers precipitate.  The assembled collagen was washed three times with 

distilled water and mixed with 250  mL of H3PO4 0.083M solution, which allows the col-

lagen disassembly. This dispersion was then dropped in a Ca(OH)2 suspension (2.71 g in 

500 mL of distilled water) previously enriched with FeCl2ϊ4H2O (0.689 g in 25 mL of dis-

tilled water) and FeCl3ϊ6H2O (0.956 g in 25 mL of distilled water) to yield a FeHA/Coll 

composite material in the ratio 70:30 wt%. The total amount of iron chloride salts was 

calculated to obtain a molar ratio Fe/Ca equal to 20% mol in the  mineral  phase and the 

ratio Fe2+/Fe3+ equal to 1:1[20].  In such conditions, self-assembly and self-organization of 

the polymer fibrils as well as the heterogeneous nucleation of HA nano-crystals will be 

simultaneously induced. The drop-wise addition procedure was performed under man-

ual stirring, assuring a slow decrease of pH from 12 to 8 and at the end of the addiction 

the composite was left to ripen in the mother liquor for 2 hours. 

 

Figure 4.10 FeHA/Coll alveolar bone-like scaffold (brownish scaffold attached to the magnet) 

compared with a not magnetic HA/Coll scaffold (the white one) 

After  the  synthesis the mineralized collagen was washed placing it 3 times in fresh de-

ionized water and filtered by a metallic sieǾŜ όрл ˃ƳύΦ Lƴ ǘƘƛǎ ǿŀȅ ǿŜ ŎƻǳƭŘ ǎŜǇŀǊŀǘŜ ǘƘŜ 

bigger mineralized fibrous fraction from hydroxyapatite not attached to the organic ma-

trix and the denaturated fibers which could be created due to warming, both of which 

can pass through the sieve. The latter part of the material was cross-linked for 48 h at 



 
 
25 °C adding a 1% w/w genipin aqueous solution, setting up a genipin/collagen ratio 

equal to 2 wt%, so washed with deionized water from the residual unreacted cross-

linker. The material was finally poured into 24-wells cell-culture multiwell plates and 

freeze-dried. 

The synthesis temperature during the bio-mineralization process which leads to the ma-

terial with the best performance, called FeHA/Coll, was found to be 40 °C, but others 

two different temperatures, as comparing, were investigated (25 and 50 °C) and the re-

spective synthesis products were called FeHA/Coll_25 and FeHA/Coll_50. 

For the stabilization of magnetic biohybrid FeHA/Coll scaffolds five others cross-linking 

methods was tested: a genipin/collagen ratio equal to 1 wt% for 48 h at 25 °C, a 

BDDGE/collagen ratio equal to 1 wt% for 48 h at 25 °C[21], a BDDGE/collagen ratio equal 

to 2 wt% for 48 h at 25 °C, a ribose/collagen ratio equal to 1 wt% for 24 h at 25 °C[22] and 

a ribose/collagen ratio equal to 2 wt% for 24 h at 25 °C. Respective synthesis products 

were called FeHA/Coll_gen1, FeHA/Coll_BDD1, FeHA/Coll_BDD2, FeHA/Coll_rib1, 

FeHA/Coll_rib2. 

 

4.2.2  Chemio-physical characterization 

4.2.2.1  Thermal Analysis 

Thermogravimetric investigations were carried out on the FeHA/Coll samples synthe-

tized at the three different temperatures (25, 40 and 50°C). The result curve (TG) and its 

derivative (DTG) are shown in Fig. 4.11 and show three distinct weight loss. The first 

weight loss, of about 5-8%, is observed in the range of 50-160 °C and related to the loss 

of water of hydration of collagen; the second and the most plentiful loss of weight is 

between 210 and 430 °C, due to the thermal degradation of collagen[23]. The process of 

thermal decomposition is completed between 600-700°C with the final combustion of 

organic residues and with an overall decrease of about 41, 45 and 53% of weight respec-



 
 
 
tively for FeHA/Coll_25, FeHA/Coll and FeHA/Coll_50. About the mineralization extent in 

the scaffolds, the inorganic phase was found to be in the range of 51ҍ62 wt% instead of 

the nominal hydroxyapatite/collagen ratio of 70/30 wt%. The discrepancy between the 

nominal and the real composition of the materials can be assigned to the reaction yield, 

which does not reach 100%. Moreover the amount of mineral phase into the three dif-

fer materials are slightly different and decrease with the increasing of the temperature 

of the synthesis (62%, 60% and 51%). This effect is probably due to the partial denatura-

tion of the polymer at higher temperature as well as the increase in its nano-assembly, 

trigger to a reduction in the calcium and iron ions binding[21,22], whereas at low tempera-

tures the availability of the nucleation sites on collagen is higher. It is well known that 

the temperature of thermal denaturation of the collagen strongly depends on its degree 

of cross-linking between the chains[25,26].  

 

Figure 4.11 Thermal decomposition profile (TG) and its derivative (DTG) of FeHA/Coll_25, 

FeHA/Coll and FeHA/Coll_50.  

DTA plots relative to the composite FeHA/Coll, FeHA/Coll-gen1 and the not cross-linked 

one (FeHA/Coll_NCL) are shown in Fig. 4.12. Within the temperature range from 30 to 
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about 130 °C a broad endothermal peak appears in each sample; this peak is known to 

be associated with the denaturation of collagen structure, with a simultaneous trans-

formation from triple helical to random coil of collagen[23], and is connected with mass 

decrement, as is seen in TG curves, whereas the breakage of inter- and intra-molecular 

hydrogen bonds allow the release of bound water[28].  

The maximum of the peak for cross-linked composites compared to the one of not 

cross-linked  are significantly shifted to the region of higher temperatures (91,2 °C, 

93,0 °C and 98,4 °C respectively for FeHA/Coll_NCL, FeHA/Coll_gen1 and FeHA/Coll). 

Thereby, the obtained results indicate that cross-linking process induced partial changes 

in the structure of collagen fibers, because of the thermal stability of secondary struc-

ture of reticulated samples increased. We could conclude that the cross-linking process-

es has been successful and that the reticulation between chains occurred to a greater 

extent with increasing of cross-linker amount. 

  

Figure 4.12 Differential Scanning Calorimetry of FeHA/Coll_NCL, FeHA/Coll_gen1 and 

FeHA/Coll. 

 

4.2.2.2  X-Ray Diffraction 
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XRD diffractogram of the FeHA/Coll_25, FeHA/Coll and FeHA/Coll_50, shown in Fig. 4.13, 

display the typical shape ascribable to a calcium phosphate phase with the characteristic 

broad peaks of nano-crystalline apatite with very low coherent length[10], since the in-

teraction with the organic template confined the mineral nuclei growth at the nano-

scale[11]. The presence of ionic substitutions in the apatite structure, which is accom-

plished by the increase of the number of structural defects, is a further reason of broad 

weak peaks. The decreasing of the resolution of the spectra indicate ad increasing in the 

amorphous character of the apatite, resembling that of newly formed bone.   

None ƻŦ ǘƘŜ ǘƘǊŜŜ ǎǇŜŎǘǊŀ ŘƛǎǇƭŀȅ ǘƘŜ ǇŜŀƪ ŀǘ нʻҒосϲ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ Ƴŀg-

netite or maghemite, even at synthesis temperatures of 50°C, where the magnetite and 

maghemite formation is favored[20]. This progress has been achieved slowing down the 

biomineralization reaction thanks to the slow addiction of collagen and iron ions during 

the reaction. 

 

Figure  4.13 XRD spectra of FeHA/Coll scaffolds synthetized at 25°C (FeHA/Coll_25), 40°C 

(FeHA/Coll) and 50°C (FeHA/Coll_50).  
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4.2.2.3  Fourier-Transform Infrared Spectroscopy 

Fourier transform infrared spectrum of the FeHA/Coll composite, compared with the 

pure collagen and FeHA spectra, is shown in Fig. 4.14A. The typical bands relative to hy-

droxyapatite[9] are clearly visible in FeHA/Coll spectrum, in particular the bands at 1032, 

565, and 601 cmҍ1.  
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Figure 4.14 A: FTIR analysis of FeHA/Coll compared with pure collagen and FeHA.  

B: Detail of FeHA/Coll_25, FeHA and FeHA_50 spectra from 1200 to 400 cm-1.  

The resolution of the bands relative to hydroxyapatite is low and decreases as a function 

of the temperature of the bio-mineralization. These effects indicate that the mineral 

phase nucleated on collagen fibers is non-stoichiometric and its crystallinity degree de-

crease with the synthesis temperature[20]. 

 

4.2.2.4  Scanning Electron Microscopy 

SEM images of freeze-dried FeHA/Coll composite (A, B, C) and a comparison with not 

mineralized collagen (D) are shown in Fig. 4.15. The morphology of the hybrid composite 

ŀǇǇŜŀǊǎ ǾŜǊȅ ǎƛƳƛƭŀǊ ǘƻ ǘƘŀǘ ƴŀǘǳǊŀƭ ōƻƴŜΥ ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǎŜŜ ǘƘŀǘ ƴŀƴƻ-globular and 

quite amorphous apatite crystals cover completely the collagen fibers (Fig. 4.15B, C). 

The freeze-drying process, instead, allows to achieve a porous material characterized by 

an architecture with a 3D network of macro- and micro-porosity (Fig. 4.15A, B), to favor 

cells adhesion and proliferation. Comparing the mineralized scaffold (Fig. 4.15B) and the 
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ƴƻǘ ƳƛƴŜǊŀƭƛȊŜŘ ƻƴŜ όCƛƎΦ пΦмр5ύ ƛǘΩǎ Ŝŀǎȅ ǘƻ ǎŜŜ ǘƘŀǘ ǘƘŜ ƳƛƴŜǊŀƭƛȊŀǘƛƻƴΣ ǿƘƛŎƘ ƻŎŎǳǊǎ 

during the self-assembling of collagen, allow a nucleation and growth of hydroxyapatite 

crystals not only inside the fibers[29], but also externally, obtaining rough surfaces. 

  

  

Figure 4.15 SEM images of FeHA/Coll at 100x (A) and 6000x magnification (B). Detail of mor-

phological feature of mineralized FeHA/Coll fiber at 30000x magnification (C) and comparison 

with pure freeze-dried collagen at 4000x magnification (D).  

 

4.2.2.5  Inductively Coupled Plasma Atomic Emission Spectroscopy 

A B 

C D 



 
 
 
A chemical composition analysis of the mineral phase of the composites FeHA/Coll_25, 

FeHA/Coll and FeHA/Coll_50 was conducted by ICP. In Tab. 4.3 are shown the most sig-

nificant data from the results of this analysis.  

Materials 
Ca/P 

(mol) 

(Fe+Ca)/P 

(mol) 

Fe/Ca 

(mol%) 

Fe/ (Fe+Ca) 

(mol%) 

FeHA/Coll_25 1,40 ± 0,03 1,65 ± 0,02 18,0 ± 0,5 15,25 ± 0,01 

FeHA/Coll 1,38 ± 0,04 1,68 ± 0,02 21,5 ± 0,6 17,66 ± 0,03 

FeHA/Coll_50 1,37 ± 0,07 1,69 ± 0,08 22,84 ± 0,3 18,59 ± 0,01 

Table 4.3 ICP features of FeHA/Coll_25, FeHA and FeHA_50  composites. 

The (Ca+Fe)/P molar ratio results very close to the hydroxyapatite theoretical one for all 

the three composites, confirming the effective replacement of calcium ions with iron 

ions at all the synthesis temperature tested. The amount of iron ions respect to the sum 

of all cations present in the mineral phase is quite lower respect to the nominal one 

fixed for the synthesis (Fe/Ca = 20 mol%ύ ōǳǘ ƛǘΩs possible to conclude that the reaction 

of iron-doping has taken place efficiently. The increasing of the amount of iron with the 

increasing of the temperature indicate that the higher temperature favors the replace-

ment of iron ions instead of calcium. 

 

4.2.2.6  Swelling and degradation test 

The degradation test for several hybrid scaffolds is shown in Fig.16. During this test the 

FeHA/Coll_25, FeHA/Coll and FeHA/Coll_50 was tested (Fig. 4.16A), but also FeHA/Coll 

not cross-linked (FeHA/Coll_NCL), FeHA/Coll_gen4, FeHA/Coll_BDD2, FeHA/Coll_BDD4, 

FeHA/Coll_rib2 and FeHA/Coll_rib4 (Fig. 4.16B), in order to establish whether the cross-

linking was effective. From the degradation behavior test as a function of the synthesis 

ǘŜƳǇŜǊŀǘǳǊŜ όCƛƎΦ пΦмс!ύ ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǎŜŜ ǘƘŀǘ ǘƘŜǊŜ ƛǎ ŀƴ ƛƴŎǊŜŀǎƛƴƎ ƻŦ ǘƘŜ ǿŜƛƎƘǘ ƭƻǎǎ 

during the testing time with the increasing of the reaction temperature. This result im-



 
 
plies that a bio-mineralization at temperatures higher than the physiological one could 

denature and degrade the collagen fibrils[30] which  have more difficulties to assembly 

into stable and strong fibers. 

About the degradation test regarding the not cross-linked material (FeHA/Coll_NCL) and 

the same material with different kind and amount of cross-linking agents (Fig. 4.16B), 2% 

wt of genipin compared to collagen (FeHA/Coll) results the best cross-linking condition 

for mineralized collagen. In fact after three weeks into simulated body condition the 

scaffold weight loss is stable and less than 15%. This effect is probably due to the prop-

erties of the genipin as cross-linker: unlike the BDDGE, genipin dimerization subsequent 

to collagen binding can lead to an intermolecular and intramolecular crosslinking net-

work thanks to its cyclic structure within collagen fibers[31].  
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Figure 4.16 Degradation weight loss for alveolar bone-like scaffolds (FeHA/Coll) synthetized at 

various temperatures (A) and stabilized with various kind and amount of cross-linkers (B). 

Swelling properties was tested for the samples deemed suitable after the biodegradabil-

ity test: FeHA/Coll_25 and FeHA/Coll (Fig.17A) in order to observe the swelling differ-

ence according to the synthesis temperature, but also FeHA/Coll not cross-linked 

(FeHA/Coll_NCL), FeHA/Coll_gen4, FeHA/Coll_BDD2, FeHA/Coll_BDD4, FeHA/Coll_rib2 

and FeHA/Coll_rib4 (Fig. 4.17B), for establish the best cross-linking condition for empha-

ǎƛȊŜ ǘƘŜ ƘȅōǊƛŘ ŎƻƳǇƻǎƛǘŜǎ ǿŀǘŜǊ ǳǇǘŀƪŜ ǇǊƻǇŜǊǘƛŜǎΦ LǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǎŜŜ ǘƘŀǘ ǘƘŜ ǎȅƴǘƘe-

sis temperature affects the hydration time, but after 24 hours in PBS at 37° C the two 

samples show about the same swelling degree (485% for FeHA/Coll and 477% for 

FeHA/Coll_25). 
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Figure 4.17 Swelling degree for alveolar bone-like scaffolds synthetized at various tempera-

tures (A) and stabilized with various kind and amount of cross-linkers (B). 

About changes regarding the different cross-ƭƛƴƪƛƴƎ ƳŜǘƘƻŘǎΣ ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǎŜŜ ǘƘŀǘ ŀƭƭ 

samples have a very close swelling degree after 24 hours, between 495 and 485%, ex-

cept for the material cross-linked with ribose with a collagen/ribose ratio of 2% w/w 

which show a lower swelling degree, 473%. 

4.2.2.7  Magnetic susceptibility 
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The magnetization curves of FeHA/Coll_25, FeHA/Coll and FeHA/Coll_50 are shown in 

Fig. 4.18A, 4.18B and 4.18C respectively, and the results resumed in Tab. 4.4. The meas-

ured black curves can be decomposed into two principal components, explained in the 

FeHA/Coll curve: a linear part which represents the susceptibility and a S-shaped com-

ponent, a sign of ferromagnetism or superparamagnetism[32]. 

Materials 
Susceptibility 

[emu/(g·T)] 

Superparamagnetic 

saturated moment 
[emu/g] 

FeHA/Coll_25 0.134 Ғ л 

FeHA/Coll 0.125 0.5 

FeHA/Coll_50 0.091 0.3 

Table 4.4 Magnetic features of FeHA/Coll_25, FeHA/Coll and FeHA/Coll_50  composites. 

It is apparent that the paramagnetic contribution is almost identical for all three sam-

ples and all the materials show almost no hysteresis at zero field, which is an indicator 

for absence of ferromagnetism. This can be interpreted so that the content of the para-

magnetic material is the same in all materials, so that such paramagnetism could be an 

intrinsic property of FeHA whatever its synthesis temperature. The superparamagnetism 

behavior, instead, is broader with respect to FeHA/Coll (0.51 emu/g at 7T), lesser for 

FeHA/Coll_50 (0.33 emu/g at 7T) and practically nonexistent for FeHA/Coll_25 since 

such a linear curve shape is typical for materials without superparamagnetic content.  

For the FeHA/Coll_25 sample (Fig. 4.18A), the low crystallinity and poor organization of 

hydroxyapatite lattice cause a scarce coordination level of the iron ions, reflecting in a 

low magnetization of the scaffold. For the FeHA/Coll and FeHA/Coll_50 samples (Fig. 

4.18B, C), the different magnetization values are caused probably by a different mineral 

amount into the hybrid scaffold, confirmed also by the TGA analysis and by the suscep-

tibility values (Tab. 4.4), which decrease at higher temperature.  



 
 
In the field of magnetic implants a smaller magnetic field is applied, about 0.1T [33], and 

so low applied magnetic field would not magnetize the FeHA/Coll_25 and FeHA/Coll_50 

scaffolds very strongly. Therefore, in order to have the more apparent effect of magnet-

ization FeHA/Coll is the most performing material. 
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Figure 4.18 Magnetization curve of FeHA/Coll_25 (A), FeHA/Coll (B) and FeHA/Coll_50 (C). 

Black line: measured curves; blue line: paramagnetic (non-saturating) contribution; 

red line: superparamagnetic (saturating) contributions. 
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4.3  Periodontal apparatus: periodontal ligament 

This part of PhD project deals with collagen-based scaffold used as replacing material for 

periodontal ligament, the central portion of the tri-layer scaffold mimicking the perio-

dontal apparatus. The purpose has been to develop a very highly porous membrane in 

order to allow an extensive vascularization of the tissue because the cement depends 

metabolically by nutrients that diffuse from the periodontal ligament. 

The chemical bio-mimicry of the natural tissue was important as the morphological fea-

tures so we selected the type I collagen as base material for this scaffold section and the 

main factor on which we focused has covered the cross-linking of the collagen, since the 

scaffold must withstand in physiological environment enough to allow the cells en-

graftment and the deposition of new cellular matrix. 

Freeze-drying was finally used to obtain the desired structure, with wide and intercon-

nected pores. 

 

4.3.1  Synthesis process 

The non-mineralized section of the tri-layered scaffold was produced firstly increasing 

the pH of the initial acid suspension of collagen up to 5.5 dropping NaOH 0,5 M; this pH 

value causes the spontaneous fiber formation and precipitation of collagen. The so cre-

ated collagen fibers was collected with the aid of a sieve, washed placing 3 times with 

fresh deionized water and then treated with BDDGE as cross-linking agent through im-

mersion for 24 hours in a cross-linker aqueous solution of 1% w/w setting up a 

BDDGE/Collagen ratio equal to 1 wt%[34]. The resulting material was washed from the 

unreacted cross-linker residues, poured into 24-wells cell-culture multiwell plates and 

freeze-driedΦ ¢ƘŜ ƻōǘŀƛƴŜŘ ƳŀǘŜǊƛŀƭ ǿŀǎ ƴŀƳŜƭȅ ά/ƻƭƭέ όCƛƎΦ пΦмфύΦ 



 
 
 

  

Figure 4.19 Coll periodontal ligament-like membrane  

About the cross-linking process, five others cross-linking methods was tested: a gen-

ipin/collagen ratio equal to 2 wt% for 48 h at 25 °C, a genipin/collagen ratio equal to 1 

wt% for 48 h at 25 °C, a BDDGE/collagen ratio equal to 2 wt% for 24 h at 25 °C, a ri-

bose/collagen ratio equal to 1 wt% for 24 h at 25 °C and a ribose/collagen ratio equal to 

2 wt% for 24 h at 25 °C. Respective synthesis products were called Coll_gen2, Coll_gen1, 

Coll_BDD2, Coll_rib1 and Coll_rib2. 

 

4.3.2  Chemical-physical characterization 

4.3.2.1  Thermal Analysis 

The thermal degradation analysis was conducted on freeze-dried Coll sample and also 

no the not cross-linked collagen (Coll_NCL) and Coll_BDD2 as comparison. From the TGA 

curves and them derivative you can see three main weight loses: in the range of 50-

160 °C there is a reduction in weight by about 10%, due to the breakage of inter- and 

intra-molecular hydrogen bonds accompanied by gradual loss of water; at about 200 °C 

starts the subsequent weight loss, as a degradation and decomposition of the polymer 

with a decrease of 50% in weight, followed by the third final weight loss in the range of 

400-660°C, due to the combustion of the organic residues. 

CǊƻƳ ǘƘŜ ǎŜŎƻƴŘ ŀƴŘ ǘƘŜ ǘƘƛǊŘ ǿŜƛƎƘǘ ƭƻǎǎŜǎ ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ƴƻǘŜ ǘƘŜ ŎǊƻǎǎ-linking effect 

on collagen: the crosslinking treatment shifts both of degradation temperatures at high-



 
 
er values showing the thermal denaturation and degradation is hindered by increasing 

BDDGE cross-linking[23].  

  

Figure 4.20 Thermal decomposition profile (TG) and its derivative (DTG) of not cross-linked 

collagen (Coll_NCL), collagen cross-linked with 1% w/w of BDDGE (Coll) and collagen cross-

linked with 2% w/w of BDDGE (Coll_BDD2).  

The same result can be inferred by the DTA plots relative to Coll_NCL, Coll and 

Coll_BDD2 shown in Fig. 4.21. From 30 to about 170 °C the exothermal peak related to 

the denaturation of collagen structure appears in all the three samples.  
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Figure 4.21 Differential Thermal Calorimetry of not cross-linked collagen (Coll_NCL), collagen 

cross-linked with 1% w/w of BDDGE (Coll) and collagen cross-linked with 2% w/w of BDDGE 

(Coll_BDD2). 

With the increasing of the cross-linker agent the maximum of the peaks is shifted to 

higher temperatures (94 °C, 97 °C and 102 °C) respectively for Coll_NCL, Coll and 

Coll_BDD2, so also in this case, the cross-linking has taken place, improving the thermal 

stability of the collagen structure. 

 

4.3.2.2  Fourier-Transform Infrared Spectroscopy 

Figure 4.22A shows the FT-IR spectra of collagen before and after the crosslinking. The 

natural collagen spectra is characterized by a broad band at 3454 cmҍ1 assigned to the 

OςH stretching, and a peaks at 1452 cmҍ1 and 1242 cmҍ1, related respectively to CH2 and 

NH2 bending[35]. Peptide group arise in addiction four bands at 3353, 2929, 1651, and 

1542 cmҍ1 which are commonly known as amide A, B, I and II, respectively. The amide A 

and B bands are mainly associated with the stretching of NςH groups, the amide I band 

is originated from C=O stretching vibrations coupled to NςH bending vibrations and he 

amide II band arises from the NςH bending vibrations coupled to CςN stretching vibra-

tions[36].  



 
 

 

     

Figure 4.22 A: FTIR analysis of Coll compared with Coll_NCL.  

B: Detail of Coll and Coll_NCL spectra from 3800 to 2700 cm-1.  

The intensity of amide A (Fig. 4.22B) decrease in the spectra of cross-linked collagen, 

indicating that the amount of -NH2 group decreases. Also the spectral feature of the 



 
 
 
amide B (Fig. 4.22B) was considerably influenced by the cross-linking, indicating a con-

formational change of the secondary structure of collagen matrix[37]. 

 

4.3.2.3  Scanning Electron Microscope 

The cross-section morphology of freeze-dried Coll sample at various magnification is 

shown by SEM images in Fig. 4.23; Coll_NCL, Coll_BDD2, Coll_gen1, Coll_gen2, Coll_rib1 

and Coll_rib2 are shown as comparison. 

The final Coll scaffold owns a homogeneously structure (Fig. 4.23A), with wide and open 

porosity όCƛƎΦ пΦно.ύΦ LǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǎŜŜ ƻƴǘƻ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŎƻƭƭŀƎŜƴ ŦƛōŜǊǎ ŎƻƴŘŜƴǎŜŘ ƛƴ 

sheets (Fig. 4.23C) and also single fibers with the typical alternating light and dark bands 

correspond to the 40-nm gaps between pairs of aligned collagen triple helices. 
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Figure 4.23 SEM images of Coll at 100x (A) and 500x (B) magnification. Detail of morphological 

feature of collagen sheet at 5000x (C) collagen fiber at 50000x (D) and comparison with 

Coll_NCL (E), Coll_BDD2 (F), Coll_gen1 (G), Coll_gen2 (H), Coll_rib1 (I) and Coll_rib2 (J).  

The collagen scaffold before cross-linking treatments (Fig. 4.23E) show an orderly and 

regular 3D morphology; this effect occurs because during the freezing of freeze-drying 

process, the collagen fibers are not incorporated into the solidςliquid interface but re-

jected from it[38]. This high mobility of the fibers comes from the low assembling of the 

material and what emerges is that the collagen is highly concentrated in the non-

crystallized channels between the ice crystals and the pore structure is built up from 

parallel collagen layers connected by collagen walls. 

Regardingthe cross-linked collagen (Fig.4.23B, E, F, G, H, I, J), SEM images show, for the 

entirety, structures with pores less organized and tighter. It is clear that the cross-link 

reduced polymer mobility during the freeze-drying process, so the 3D geometry arises 

fewer and fewer from the morphology imposed by the ice growing during freeze-drying, 

while increases the component of the molecule packing resulting from the cross-linking 

process. Coll and Coll_rib1 still  show less regular but open porosity, with an intercon-

nected network of fibrils; Coll_BDD2, Coll_rib2,  Coll_gen1 and Coll_gen2 show instead 

random and less porous structure. This effect is probably caused both by the lower wa-

ter content of the dispersions before freeze-drying, but also by the high density of links 

I J 



 
 
between fibers which induce them to be combined to form sheets, leading to the fusion 

of smaller pores[39]. Thus the cross-linked collagen fibers result too stiff to be displaced 

by the growing of ice-crystals and they get encapsulated into the solidςliquid structure. 

The resulting scaffolds, ones dried, show more sheet-like structures with wide but few 

pores. 

 

4.3.2.4  Swelling and degradation test 

As previous mentioned, a low degradation degree and high swelling properties are cru-

cial in the view of scaffold implantation, because for a successful tissue regeneration the 

scaffold has to preserve its structure until cell colonization and must be readily permea-

ble by body fluids for nutrient diffusion and waste removal. In order to test them re-

sistance to degradation and them swelling properties, Coll, Coll_NCL, Coll_BDD2, 

Coll_gen1, Coll_gen2, Coll_rib1 and Coll_rib2 was tested in physiological. 

The degradation test (Fig. 4.24) shows that the rate of weight loss is higher for not cross-

linked collagen, which after 21 days lost about the 8% of its weight, and for collagen 

cross-linked with 1% w/w ratio of ribose (4,1% after 21 days). About the others materi-

als, after an initial and limited weight loss, the scaffolds remain stable until the end of 

the test, with a final weight loss between  0.7% and 3%. 



 
 
 

 

Figure 4.24 Degradation weight loss for collagen not cross-linked and  cross-linked in different 

ways. 

The swelling degree of the various collagen scaffolds change a lot at varying of cross-

linking conditions, from about 950 to 600% of them starting weight (regarding the not 

cross-linked scaffold and the scaffold cross-linked with 2% w ratio of genipin respective-

ly). The water uptake ability could be attributed to both of the hydrophilicity of the ma-

terial and the three-dimensional structure of the scaffold. Indeed, the swelling ratio de-

creases as the cross-linking degree is increases because of the decrease of the hydro-

philic groups[40], and because the melting of the 3D ordered structure will cause the re-

duction of the porosity, hence, the volume for water storage, leading to the decrease of 

the swelling capacity[41]. 

All the scaffold however show a fast hydration, since after 4-8 hours reach the plateau.  
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Figure 4.25 Swelling degree for alveolar bone-like scaffolds synthetized at various tempera-

tures (A) and stabilized with various kind and amount of cross-linkers (B). 

 

 

  

500

550

600

650

700

750

800

850

900

950

1000

0 2 4 6 8 10 12 14 16 18 20 22 24

S
w

e
lli

n
g
 D

e
g
re

e
 (

 %
)

 

time (h) 

Coll_NCL

Coll

Coll_BDD2

Coll_gen1

Coll_gen2

Coll_rib1

Coll_rib2



 
 
 

4.4  Periodontal apparatus: cementum 

The third layer belonging to the scaffold mimicking the periodontal apparatus is repre-

sented by the cementum, similar in structure to bone but is less hard since its minerali-

zation degree is about 50%. Within the periodontal apparatus, this section has the task 

of binding to the periodontal ligament ensuring a strong adhesion between the tooth 

and its anatomic site.  

In this part of the PhD project we wanted to create a very thin layer morphologically and 

chemically close to the natural cementum and to do so we exploited a bio-inspired syn-

thesis of hydroxyapatite, in order to create a non-stoichiometric nanostructured apatitic 

phase, and the electrospinning of a bio-erodible polymer, which enables the production 

of mats composed by non-woven micrometrƛŎ ŦƛōŜǊǎΦ Lƴ ǘƘƛǎ ǿŀȅ ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǇǊƻŘǳŎŜ 

a porous and very thin layer of fibers added with an high amount of the mineral compo-

nent.  

In order to rise higher bio-activity and bio-reabsorbability, iron ions was introduced into 

the hydroxyapatite cell structure prompting magnetic features. 

 

4.4.1  Synthesis process 

The first step in the preparation of the cementum-like scaffold consist in the synthesis of 

the magnetic inorganic component. The synthesis of FeHA powder was carried out by 

adding thr iron(III) chloride hexahydrate solution (17.86 g of FeCl3·6H2O in 75 mL of wa-

ter) and the iron(II) chloride tetrahydrate solution (12.74 g of FeCl2·4H2O in 75 mL of 

water), as sources of Fe3+ and Fe2+ ions respectively, into a suspension of calcium hy-

droxide (50 g of Ca(OH)2 in 400 mL of H2O) at 40°C. A phosphoric acid solution (44.40 g 

of H3PO4 in 300 mL of H2O) was then added dropwise into the basic suspension over a 

period of 2 h, under constant heating and stirring thanks to a heating mantle and me-



 
 
chanical stirring (Fig. 4.26). During this neutralization process into the reaction flask pH 

decreases from 12 to 5. 

 

Figure 4.26 Equipment for the synthesis of FeHA powder 

The amount of reactants was set up in order to keep the calcium/phosphorus ratio 

equal to 1.667, so that a competition between Ca2+ and the substituting ions (Fe3+ and 

Fe2+) could be established with PO4
3-; the total amounts of iron ions with respect to cal-

cium ions were adjusted so as to obtain Fe/Ca=20 mol%. During synthesis, a brownish 

precipitate formed; when the dripping of the phosphate solution was completed, the 

precipitate was left to ripen in the mother liquor for 24 hours, then the supernatant was 

eliminated and the product was washed three times in 1 L of distilled water and centri-

fuged. The productΣ ƛŘŜƴǘƛŦƛŜŘ ŀǎ άCŜI!έ was stored at 4°C into a solution of 100 mg/L to 

avoid the particles aggregation and, if necessary, freeze-ŘǊƛŜŘ ŀƴŘ ǎƛŜǾŜŘ ǳƴŘŜǊ мрл ˃Ƴ 
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(Fig. 4.27A, B). Other two different temperature were investigated for FeHA synthesis, 

25°C and 50°C, and the respective products were called FeHA_25 and FeHA_50. 

About the production of the final FeHA+CA fleeces, firstly the dry FeHA, synthetized as 

previously described, was added to the solvent (composed of 80:20 wt. buta-

none/butanol) under constant magnetic stirring, followed by sonication for 30 minutes 

and further shaking with vortex mixer. After this dispersion step, cellulose acetate (CA) 

was added in order to obtain a 35% w/w. solution of CA respect to the solvent and 

CA/FeHA ratio of 1; the mixture was shaken again until the CA dissolved completely. The 

fleeces were spun for four consecutive times on a water soluble PVA-foil (SOLVY, Gunold; 

thickness of 20 µm) and was treated at 70°C and 200 mbar in a desiccator to remove 

residual solvents, especially butanol which cannot evaporates completely during the 

spinning process because of its high boiling point. The final scaffold (Fig. 4.27) was called 

FeHA+CA.  
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Figure 4.27 FeHA powder (A) and FeHA powder attracted by a magnet (B),                                                     

and (C, D) FeHA+CA cementum-like scaffold 

4.4.2  Chemical-physical characterization 

4.4.2.1  Thermogravimetric Analysis 

The TG-DTG curves relative to the FeHA+CA composite are shown in Fig. 4.28. The ther-

mogravimetric profile shows the degradation of the organic component, with a first 

weak but steady weight loss from 60 to 240 °C, due to the evaporation of residual ab-

sorbed water, but also to the degradation of some possibly additives or contaminants in 

the sample. The main weight loss, the second, has the a maximum degradation rate at 

314°C, and regars the principal thermal degradation of the cellulose acetate chains. The 

third and final weight loss, with the maximum rate at 358 °C, corresponds to carboniza-

tion of degraded products to ash; at the end of the analysis the overall weight loss is 

about 50%[24]. The total residues are about 50% wt, which regard the apatite component 

of the composite. 

 

Figure 4.28 Thermal decomposition profile (TG) and its derivative (DTG) of FeHA+CA scaffold.  
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Thermal analysis performed on FeHA+CA showed an extend of mineral component of 

about 50%, very close to the one nominally set up and the biological cementum one. 

4.4.2.3  X-Ray Diffraction 

The X-ray diffraction patterns of FeHA_25, FeHA and FeHA_50 are shown in Fig. 4.29A 

and reveal a low-crystalline apatite[4,5], with a crystallinity extend which decreases with 

decreasing of the synthesis temperature.  

 



 
 

 

Figure  4.29 A: XRD spectra of FeHA powder synthetized at 25°C (FeHA_25), 40°C (FeHA) and 

50°C (FeHA_50). B: XRD spectra of FeHA powder and FeHA+AC scaffold. 

Lƴ CŜI!ψрл ǎǇŜŎǘǊŀ ƛǘΩǎ ŀƭǎƻ ǇƻǎǎƛōƭŜ ǘƻ ǎŜŜ ƻǘƘŜǊ ǎŜŎƻƴŘŀǊȅ ǇƘŀǎŜ ƭƛƪŜ ōǊǳǎƘƛǘŜ (ICDD 

card n. 09-0077), the main peak of which occurs ŀǘ нʻҐнмΦлϲΣ and magnetite (ICDD card 

n. 025-1376), with the main ǇŜŀƪǎ ŀǘ нʻҐорΣпϲ ŀƴŘ ртΣоϲΦ 9ven if in smaller amounts, 

ŀƭǎƻ ƛƴ CŜI! ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǎŜŜ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƳŀƎƴŜǘƛǘŜΣ ǿƘƛƭŜ ǘƘŜǊŜ ƛǎƴΩǘ ƛƴ CŜI!ψнр 

ǎŀƳǇƭŜΦ LǘΩǎ ŎƭŜŀǊ ǘƘŀǘ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ƛƴŎreasing causes the increasing of both magnet-

ite formation and apatite crystallization[42]Φ CǊƻƳ ǘƘŜ ·w5 ŀƴŀƭȅǎƛǎ ƛǘΩǎ ŀƭǎƻ ǇƻǎǎƛōƭŜ ǘƻ 

confirm the substitution of iron ions into the hydroxyapatite lattice at Ca-substituting 

position and not at cell interstitial position: the replacement of the calcium ion by an 

iron ion has little effect on the XRD pattern, contrariwise the introduction of an iron ion 

into one of the possible interstitial positions heavily modifies the relative intensities of 

the peaks[43]. In all of the samples the presence of iron hampers the crystalline organiza-

tion, making peaks broad and lowering the resolution in XRD spectra (the crystallinity 

degree is lower than the non-substituted hydroxyapatite prepared at the same temper-

ature[44]ύΣ ōǳǘ ŘƻŜǎƴΩǘ ƳƻŘƛŦȅ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ŀǇŀǘƛǘƛŎ ǇƘŀǎŜ ŀƴŘ ǘƘŜ ·w5 Ƴŀƛƴ ǇǊo-

file.  



 
 
 
Finally FeHA and FeHA+CA spectra was compared (Fig. 4.29B) and ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǎŜŜ 

that despite the high content of amorphous cellulose acetate, the X-Ray diffraction pro-

file of FeHA+CA the presence of hydroxyapatite was identified with its main peak at 25,7° 

and 32,0°. 

 

4.4.2.4  Fourier-Transform Infrared Spectroscopy 

The FTIR spectra of FeHA+CA (Fig. 4.30) shows the typical bands of the CA at 3472 cm-1 

(attributed to the OςH stretching), 2954 and 2891 cm-1 (stretching of CςH in CH3 and CH2 

groups), 1745 and 1651 cm-1 (symmetric and asymmetric stretching of C=O), 1441 cm-1 

(bending of CH2) and 1375 cm-1 (bending of CH)[45;46]. Additionally, bands of FeHA be-

comes visible around 1032 cmҍ1, 604 cmҍ1 and 562 cmҍ1[9]. 

!ƭǎƻ ōȅ ǘƘŜ C¢Lw ǎǇŜŎǘǊǳƳ ƻŦ ǘƘŜ CŜI!Ҍ/! ƛǘΩǎ ŎƭŜŀǊ ǘƘŀǘ ǘƘŜ ƛƴŎƻǊǇƻǊŀǘƛƻƴ ƻŦ ǘƘŜ CŜI! 

into the fibrous CA structure was successful. 

  

Figure 4.30 FTIR analysis of FeHA+CA compared with FeHA.  



 
 
 

4.4.2.5  Scanning Electron Microscopy 

SEM images of FeHA powder and FeHA+CA scaffold at various magnification are shown 

in Fig. 4.31.  

tŀȅƛƴƎ ŀǘǘŜƴǘƛƻƴ ǘƻ ǘƘŜ CŜI! ƛƳŀƎŜǎΣ ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ƴƻǘŜ ǘƘŀǘ ǘƘŜ ǇƻǿŘŜǊ ƛǎ ŎƻƳǇƻǎŜŘ 

by micrometric particle (Fig. 4.31A), which are agglomerate of smaller nanoparticle (Fig. 

пΦом.ύΤ ŦǊƻƳ ǘƘŜǎŜ ƛƳŀƎŜǎ ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ŎƻƴŦƛǊƳ ǘƘŜ ƴŀƴƻǎǘǊǳŎǘǳǊŀƭ ƴŀǘǳǊŜ ƻŦ ǘƘƛǎ 

magnetic powder. 

From the FeHA+CA (Fig. 4.31C, D) images, instead, it can be inferred that the final scaf-

fold is formed by several layers of micrometric bead-on string fibers. The fiber surfaces 

are rough, a sign that FeHA is embedded into the CA fibers. The mat show a very high 

density of very tight pores, exactly how we want to achieve, since the cement is a dense 

and avascularized tissue without cells inside. The mean fiber thickness results 4±3 with 

an average porosity of 44±7% of the area, while the average mats thickness is 200±100 

µm. 
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Figure 4.31 SEM images of FeHA at 20000x (A) and 75000x (B) magnification. Images of 

FeHA+CA at 500x (A) and 5000x (B) magnification.  

 

4.4.2.6  Inductively Coupled Plasma Atomic Emission Spectroscopy 

ICP analysis was conducted on FeHA to define the overall content of Ca, P and Fe con-

structing the mineral phase of FeHA+CA composite; Tab. 4.5 shows the results of the 

analysis.  

Materials 
(Fe+Ca)/P 

(mol) 

Ca/P 

(mol) 

Fe/Ca 

(mol) 

Fe/(Ca+Fe) 

(mol) 

FeHA_25 1,67 ± 0,02 1,37 ± 0,03 21,6 ± 0,3 17,8 ± 0,02 

FeHA 1,69 ± 0,05 1,37 ± 0,07 22,7 ± 0,5 19,0 ± 0,01 

FeHA_50 1,70 ± 0,03 1,38 ± 0,03 23,9 ± 0,4 19,27 ± 0,03 

Table 4.5. ICP features of FeHA synthetized at 25 °C (FeHA_25), 40 °C (FeHA)                                

and 50 °C (FeHA_50). 

The ICP analysis confirm the presence of iron into the apatitic powders and that the re-

placement of the iron has taken place efficiently, because the 96,3%, 90,0% and 89,0% 

of the iron nominally introduced as reagent was introduced into the hydroxyapatite lat-

C D 



 
 
tice respectively for FeHA_50, FeHA and FeHA_25. Furthermore, for all the sample the 

Ca/P molar ratio is lower than the one of the stoichiometric hydroxyapatite (1,68), but 

the (Fe+Ca)/P molar ratio is very close to the theoretical value, confirming the replace-

ment of calcium with iron. As already seen in the composite analysis, also in mineral 

phase synthetized alone, the highest inclusion of iron ions into hydroxyapatite lattice is 

reached with the increasing of the synthesis temperature.   

 

4.4.2.7  Swelling and degradation test 

Swelling and degradation test in physical condition was conducted for FeHA+CA mat and 

the results are shown in Fig. 4.31 and 4.32 respectively.  

Regarding the degradation behavior iǘΩǎ Ŝŀǎȅ ǘƻ ǎŜŜ ǘƘŀǘ the material shows suitable 

properties to be used as implanting material, as in 21 days in PBS at 37° C ƛǘΩs fully stable, 

with a final weigh loss of about 1%. 

 

Figure 4.31 Degradation weight loss for the FeHA+CA cementum-like layer. 

This material shows a poor swelling properties as it uptake water only up to 93% of its 

dry weight, probably due to the low porosity, but since it has to be assembled to other 

materials with high swelling, cells growth should not be affected.  
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Figure 4.32 Swelling degree for the FeHA+CA cementum-like layer. 

 

4.4.2.9  Magnetic susceptibility 

The magnetization curves, as saturated moment in function of applied magnetic field for 

FeHA, CA and FeHA+CA are shown in Fig. 4.33, and the results resumed in Tab. 4.6.  

The curves show no magnetic features for the organic component and the typical su-

perparamagnec behavior for FeHA and its composite, since the MS/M R value, which indi-

cates the amplitude of hysteresis at zero-field, is around 0. Thanks to the quite high syn-

thesis temperature FeHA sample shows a high magnetic value and the mixing with CA 

ŀƴŘ ǘƘŜ ŜƭŜŎǘǊƻǎǇƛƴƴƛƴƎ ǇǊƻŎŜǎǎ ŘƻŜǎƴΩǘ ŀŦŦŜŎǘ ǘƘƛǎ ǇǊƻǇŜǊǘȅΣ ǎƛƴŎŜ ŀƭǎƻ ǘƘŜ ŎƻƳǇƻǎƛǘŜ 

show a high value of magnetization, considering an overall mineral amount of 49%.  
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Figure 4.33 Superparamagnetic contribution of FeHA+CA and comparison with FeHA and CA 

alone. 

 

Materials 

Superparamagnetic 

saturated moment 
[emu/g] 

Ms/M R 

FeHA 2.85 0.03 

CA -0.06 Ғ л 

FeHA+CA 1.09 Ғ л 

Table 4.6 Magnetic features of FeHA/Coll_25, FeHA and FeHA_50  composites. 

In this way we obtained a fleece with more than double superparamagnetic value com-

pared to the bone-like scaffold with a low amount of mineral phase. An higher magneti-

zation is necessary because of the thickness of the layer: in order to replace the natural 

size of the various components of periodontal apparatus, cementum provides a lesser 

amount of material, so a higher magnetic power to reach a suitable signal is required. 

 

 



 
 
 

  



 
 

4.5  Periodontal apparatus: assembling process 

After the development of all the three single components of the periodontal-like scaf-

fold, the assembling process is crucial in order to create a stable scaffold with strictly 

linked layers ǿƘƛŎƘ ŘƻƴΩǘ Řelaminate. 

In this view the FeHA/Coll was prepared and spread on a metal plate tailored for the 

freeze-dryer, with a thickness of about 5 mm; the wet Coll was also spread on a mylar 

sheet, tipped and then piled up the first layer making sure that the two interfaces ad-

here perfectly before removing the sheet. Finally the FeHA+CA fleece was put into de-

ionized water in order to dissolve the PVA foil  on which it was electrospun, and the re-

sidual PVA was then removed by purging the composite with pure water.  Then it was 

lying on a mylar sheet tipped and piled up on the top of the structure, making it adhere 

well to the previous layer. This material was then freeze-dried leaving the mylar sheet 

on its top. The obtained material is shown in Fig. 4.34. 

 

Figure 4.34 FeHA/Coll ς Coll ς FeHA+CA tri-layer scaffold mimicking the periodontal apparatus 

 

4.5.1  Chemical-physical characterization 

4.5.1.1  Scanning Electron Microscope 


