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Abstract

The usingof petroleumbasedplastics is nowadays a growing problem: they area-cu
rently produced from fossil fuels, a finite resource, consunaed discardedas non
degradable wastesyorsening the environmentThe aim of this work was to produce
newly conceived bitbased and bienspired 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.

Followingconceps of bio-mimicking andhierarchicalorganization, sdéolds chemically
and morphologically mimicking different components of the tooth, in specific the dentin
and thewhole periodontium (cementum, periodontal ligament and alvedbane) were
developed Biominerdization processes performed on appropriate polymeric masix
were setup to synthesize hybrid materials with the same che#pltysical properties of

the natural mineralized tissugglentin, cementum and alveolar boneyelfassembling
pH-dependentprocessand tapecasting were applied to type | collagen to develop the
thin layer mimicking the not mineralized periodontmjament. Sructural and morplo-
logical featuregeproducing those of the natural tissues were achieved through ¢hem
cal crosslinking treaments and freezecasting or electrospinning processés.vitro in-
vestigations performed on the developed 3D scaffolds indicate good cell viability; adh
sion and proliferation.

Employing biomimetic principles and natural renewable materials, also asbeteHeat

and Moisture Exchange (HME) air filter, was developed. The shell part was obtained by
applying the freezalrying process on a chemically créisiked hydrogel developed by
blending suitable ratios of gelatin and chitosan. The core part of ttex flas 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, havingantibacterial andheat and moiture exchangeproperties, able to

absorb the moisturdrom exhaledair 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 solutieas pr
sented by nture are examples of highly effective and powedficient mechanisms and
materials with the additional advantage of being mpolluting. In particular the bio
based polymers are receiving high interest from researchers all over the world, because
advancedmaterials from renewable resources are becoming more and more in demand.
Two are the main motivations of this focusing: (i) the deteriorating environmental co
ditions, caused by advancements in technology, population expansion, etc. and (ii) the
availabilty of fossil and not renewable resource which, according to the experts, will

decreasdlrasticallybetween one and three generations.
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archically assembled by braineralzation processesyvas caceived The aim of this
project is to point out that naturenspired 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 usezkvivo. Sarting from abundant and environmentally
safe raw materialsand throughphenomena inspired by naturée bio-mineralization,
seltassembly andselforganizationA G Q&  LJ2g&rerkté El&neniaBmicro-sized
building blocks which are properly directed tobe organizedn macroscopiccomplex
materialsfor application in EHEEnvironment, Health, Safetgnd Biomedicalfields. In
particular the present research activity is focused on the development of new class of
devicesfully madeby environnental friendly materials designed to provide newsol
tions towards the local cure of teeth anlde treatment of the airfrom artificial venti-

tion before it reaches the user

Oral diseases are common results of a variety of causes like lifestyledtaydiabits,

use of tobacco)tirauma, genetic disorders and aging. These disordprge apart from

a)



the socioceconomic impact (traditional treatments of oral diseases have econonric bu

den of 510% of the whole healthcare expenses in developed countress),lead to
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the progressive raise in the mean age of the active population, it is reasonabke to a

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

the need instead to quickly regain falttivity and retain chewingapacity even at d

vanced ages. Progresses in these fields driven by advanced and innovative clinical
treatments are main goals of modern medicine as they will saamfly extend the quia
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sive solutions and improved functionality of the diseased tissues.

The artificial ventilation bypassing the upper airways is very commonticadsi ill pa-
tients and in longerm care, in ordeto facilitate ventilation of the lungs, and to prevent
the possibility of airwayollapse orobstruction.As critical care advances and intensive
care unit mortality declines, the number of survivorscatical illness is increasing. &h
se survivors frequently experience lefagtingcomplications of critical cardyeginning
precisely from breathingRespiratory systenmypothermia, disruption of the airway ep
thelium and lospitalacquired infectiorare some of theinconveniences that a bakrupt
artificial ventilation can cause to patients. In order meet the increasingieeds of
healthcarethe continuous improvement of the medical devices musttihe subject of

mainstream academic and commercial reseaand 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 gradedfaicifor the regeneration of the
whole periodontium apparatus (alveolar bone, periodontal ligament, cementum).

The highlightof the first scaffold resides in the high biomimicry with the target tissue,
and this will enable it to direct the differentiatioof the cells recruited from the blab

stream, reaching strong regenerative effects.



The seconddevice was designed, instead, for the stabilization of titanium demtal i
plants; in fact it could increase the resilience of implants up to the performances of
normal tooth. Restoration of the periodontdafjament at the bonecement interface will
strongly reduce the petimplantitis incidence impacting either on mechanical or bielog

cal factors.

The third device developed in this Ph.D. project is a completelyebiadable air filter
capable of moistur@xchange, during thelternate breathing cyclefrom 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 hypertimic power.






INTRODUCTION

2.1 Bidlogicallyinspired approach for materials development

Biomimeticsis a relatively recent multidisciplinary study embracing the use of nature as

a model for innovative materials, structures astlategies.The first biological inspired
process was brought to public attention @tto H. Schmitt in 1957who produced a
physical devicenimickingexplicitlythe electrical actionof a nerve Hecoined the term
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a A HyBiologically inspired approaches have been particularly attractive in several
fields; in over 3.8 billion years of evolution, in fact, nature has introdscdationsmax-

imizing functionality with reduced energy and materialsd with noimpact on env-
ronment, exactly the target$aced by the actual technological challenges. For theae re

sons esearchers have been interested for yearsriirg to copy biological useful cha
acteristics, including sedssembling and structural hierarchical orgaation, multifurc-

tionality and environmental adaptabilityn lthe past fifty years there was ancreasing
number of bioinspiredechnologiessuch asbone-like materialsbased on woodfough
ceramics based on mothaf-pearl, selfcleaningstructures basé on flowers underwa-

ter gluesbased on mussel adhesive, drag reduction basedesmal riblet on shark skin,

flight mechanisms based ansect flight, etd®4>%78].

In particularthe last decadedevelopments concerningature-based materialand na-
ture-inspired processes with pential biomedical applicabilitare achieving particular
prominence thanks © their low impact on environmentand exclusive highbio-

compatibility®101+12,



2.2 Bio-based polymersand crosslinkers

The exploitation of biomimesis using polymers from natural sources foiused applt
cations represents a formidable challenge for industries worldwide in order to enhance
their innovation potental. Biocbased polymergsan be produced from renewable biage

ic resourcesand are efficiently biodegradedso representseco-sustainableand, in most
cases, inexpensivieedstockwith exclusive features whicbften cannot be obtained in

laboratory:.

A defintion of bio-basedproducts was provided in 2002 by the US Congress in the Farm
Security and Rural Investment Act which defintbgm ascommercial or industrial
products that is composed, in whole or in significant part, of biological producteor r
newabk domestic agricultural materials (including plant, animal, and marine materials)
or forestry material§®. Native ho-based materials couldisobe modified by physical,
chemicalor enzymatic methods to impart conformational changesactivationof func-

tional groupsand meet specific industrial applicatians

Bio-polymerscould beoriginated from several resources includadicroorganismder-
mentation (like polyhydroxyalkanoate bacterial cellulose, etg.)synthesisfrom bio-

derived monomerg i.e. polylactic acid)r extract fromplant and animals (Fig@-1).

Regarding the polymers from biomasiset three majorgroups ofplant-based polymers

are proteirs, oils and polysaccharid€4l. The amino acid polymersierive mainly from
oilseeds (i.e. soybeans) and grains (i.e. wheat and corn) and are usually produced as by
products of processingThey are commonly used as major ingredients for feed and
pharmaceutical$>*!), Plant oilwhich are mostly produced andsed aresoy oil, corn

oil and flax oil they are composed biyiglycerides and antain several fatty acids with

differ in chain length, distribution andompasition, which results in differences in phys

cal and chemical property of the oAdhesives andesins can be derived from bails

using synthetic techniques similar to those used with petrolebased polymerd®°.



Starch and cellulose are the main natilyalccurring polymers in the carbohydrataria

ily andthey can be obtained from various sources with environmentally safe processes.
The major resources for starch are corn, wheat, sorghum and potatvegetal fibers,
include wood and crop residues such as straw and millingrogiucts are the main
sources of cellulose. These polysaccharides have been used in the food and nonfood
industries, as well as in the paper producffi*??. Also alginate, a polysaccharidelpo

ymer made from brown algae wgidely usedn food andnutraceuticalindustries?.

Proteinand polysaccharidgolymerscould be also made from animal sourc€allagen
Is the most abundant proteipolymerin mammals and gelatin is its hydrolyzed demiv
tive. They are extracted from animal tissues, suchegsine tendon and porcingkin
They have a massive application both in food and biomedical fidtisin the family of
polysaccharide potpers made from animals chitin and chitosan, its deacetilatem-co

pound, are and thefind their major use is ifeed and biomedical the fielt§.

Bio-basedpolymers

Extractedfrom
biomass

1
| 1

PHApullulan . L . PLA
bacterial Proteins Lipids Polysaccharides = oo
cellulose

Producedby Synthesizedrom bio-

microrganisms derivedmonomers

—————— ——————
Plant Animal Crosslinked Plant Animal
origin origin triglycerides origin origin
8 Collagen Starch cellulose, Chitin
Ze:ﬂtzcr)]y, gelatin alginates chitosan,
g caseinwhey pectins gums hyaluronicacid

Figure 21. Reassume of possibly sources of main natural polymers.



The biggest challenge in the usenaftural polymersn devices developmenies intheir
frequent poor mechaircal propertiesFor this reasons weltknown the introduction of

moleculesthat will act as cros linking agents to improv@echanical propertidg” 2829,

Some of thanain bicbased 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 amimalsand isthe major component of the
extracellular matrixand connective tissues, like tendons, ligament, and forms the matrix
of bone and teeti”. A single collagen molecule (also known as tropocollagen3ists

of three polypeptide chains, which containspredominant sequence of amino ids,
GlyX-Y, where X and position are frequently occupied hyroline and hydroxyproline
respectively(primary structure). Thanks to the rigidity of their structure, these amino
acids locally affect the configuration dfdé chains which is wrapped lieft-handedhelix
(secondary structure), made steady by intdrain hydrogen bonds. The three chains are
then wrapped in aight-handed triple helixtertiary structure), stabilized by intrand
intermolecular interactions awell as the water of hydrationThe quaternary structure

is characterized by the repetition of the structural triple helix unit, packed to form-a co
lagen microfibrilla (Figz.2). This particular thredimensional structure, makes the leo
lagen not solublen water. The amino acids present in the amino acid sequenced-of co
lagen contain amino-lH2), carboxyFCOOH) and hydroxydH) groups which, togkt

er with the peptide bond of the main chain, represent the possible sites of chemical i
teraction of colagen molecule. By the amino acid composition of the collagen protein
depends its isoelectric point (pl) that is the value of pH where a particular molecule or

surface carries no net electrical charge; for the collagen, this pH value is equafto 5.5

So far, 28 types of collagen have been identifieat the type | idargely the most abuo-

dant and exhibitsidentical amino acid composition in two of the three polypeptide



chains.Type | collagefis the most used in the development ofaterials for regena-
tive medicine due to its good physiechemical stability and processabilityigh safety

and biocompatibility profil&?32.
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Figure 22 Assembling and final structure of collagen fib&.

2.2.2 Gelatin

Gelatin derives from thermal, physical or chemical degradation of collagenarites-
ble biodegradable and biocompatible polyrﬁ’grand it is divided into two main types:
Type A, which is dered from collagen of pig skin by acid gireatment, and Type B,
which is derived from collagen of beef hides or bones by an alkaline proadasing
Type A was used for the experiments described inRhid. thesis. Amino acid compos
tion of gelatine $ variable, depending on the raw material and process usetdmostly
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Figure 23 A general structure of gelatiri®.

Gelatin naturally forms physical gels in hydrodmmd friendly solvents above a comee
tration larger than the chain overlap concentratior2(% w/w). The gelatin sol unde
goes a first order thermoeversible gelatiortransition at temperatures lower than 30°C,
during which gelatin molecules undergo an associati@diated conformational trans
tion from random coil to triple helix. The aggregation is stabilized through intermeolec
lar hydrogen bondintd”, during which, three dimensional interconnected network€o

necting large fractions of the gelatin chains is forfigd

2.2.3 Chitosan

Chitosan is biocompatible and bioerodible cationic polymer made by partial deazetyl
tion of chitin,the structural element okexoskeleton of crustaceank iscomposedso, of
NI} YR2Yf & R@A-4)-lnksll ®glatoSdmine (deacetylated unit) andadetytD-

glucosamine (acetylated unit) (Fig. 2.4).

CHs
OH 0 <NH OH
deacdiylation NH
HO 0 Ho 0 :
NH o NH,
o < OH
CHs
L _In - _In
Chitin

Figure 24 Structure of chitosan from the deacetylation of chitin.



Chitosanhas a broad agricultural, and industrial useswvell asbiomedicalapplications
thanks to its pksensitive structure, due bgmine groups that become deprotonated
above the pH range of 647.0, and antimicrobial activif§”. Naturdly insoluble in \&-

ter, chitosan can be dissolved in aqueous solutions with d@ldw 6.2, such as acetic
acid, and he amine and hydroxyl groups on chitosan chains allow for relatively easy

crosslinking
2.2.4 Alginate

Alginateis a natural polysacchiae mainly isolated frombrown sea algdé” and is bo-

degradable under normal physiological conditions.is an unbranched binary co

polymerand consiss of alternating residuef (1-4)f A y }D8wWannironate (M) and its

Gp S LIA-Lyg8liNdnate (G)covalentlylinked together in different sequences ooh
mopolymericblocks (Fig.2.5). Different formulations have been tested showing good
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similar to those presented by the extracellular matrand slow degradation rate in

physiological conditio&4%
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Figure 2.2Strucure of alginate with withhomopolymeric blocks -D-mannuronate (M) and L

guluronate (G) Ring conformations in the alginate chain: MG, and G:'C,.

It is an aronic polymer,and as many ionic polysaccharides, alginate has the ability to
bind divalent cations and forms sable ionically cHislsed ge$. The most commonalg-

nate crosslinking isa calciummediated interaction, where two pairs of two consecutive
G units, each pair belonging to different polynarains, are packed with the calcium
ions located between thenfFig. 2.6. The polymer chain agts a characteristic zigzag

shapecalled, for this reasorty §g-boxé modef*?!,

Sodium alginate Calcium alginate

Figure 26D St I GA 2y 2F K2 Y 2 lguudnichdidjudctian ivigh ©dlciim iBris  h
GKS -a®dB848 " pR&Sings:M, yellow rings:G)



2.2.5 Cellulose Acetate

Cellulose acetate (CA) is a modified natural polypreduced through esterification of
celulose (Fig. Z). It isathermoplastic material generally recognized as a biodegradable
polymer within the scientific communifjy’. Different raw materials such as cottore-r
cycled paper, wood cellulose, and sugarcane are being used in producing the cellulose

ester biopolymersand this makes it an inexpensive masd
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Figure 27 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 resistande the form offilms and e¢ctrospun membrand®4].

2.2.6 Crosslinking agents

Natural polymerscommonlyhawe low functional propertiesdue to the extraction po-
cesseswhich often are highly aggressivand deleteriousfor the material structure To
address thisdisadvantagechemical, thermal or photinduced crosslinking processes
was implemented in order to achieve new strangermolecular bonds, closer molecule
packing, and reduced polymer mobilifijherefore, crosdinking has been explored as a
viable method tomodulate thermal resiliency ananechanicé strength as well asle-

crease solubility in high humidity condition and physiological environment.



2.2.6.1 Genipin

Genipin isa natural water soluble crosnking agent extracted from gardenia fruG&-
deniadasminoidesElli§. Many studies have répNII SR 2y 3ISYSLIAY Q&

cytotoxicity comparedo glutaraldehyde or other crodikerd*®!.
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Figure 2.8Presumable reactiormechanism involving genipirand ageneric primary amine

group (RNH,)"" and the three possible formation a crosslinker genipin dimerbridge™.

Genipin has been reported to binsbontaneouslywith biologicaltissuesand b-
opolymer&Y containing amino groupdike collagen, gelatin, chitosan, e@enipin

itself has no color, but forms blue particles by spontaneous reaction with amino
acids and proteii?. The crossinking mechanism of genipin and two generic primary

amino groups, at pHyreater or equal t&.5, are schematically explained in Fig. 2.8.

Among other naturally occurrg biocompatiblecrosslinkers,genipin has established its

captivating potential in the field of biomedical applicatf3ri>>?.

2.2.6.1 1,4Butanediol diglycidyl ether

1,4-Butanediol diglycidyl etheiBDDGEis adiepoxycrosslinking agent used to stabilize
polymers with free amine or cadxylic acid groupdBDDGE has a significantly lowex-to
icity than other ethetbond crosslinking agents and is biodegrad&Bleso it is wieldy

usedto increase longevity and final properties of biomateffdls
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Figure 29 Reaction mechanism involvindDDGE and primary amine or carboxylic acid groups

in different pH conditions.

Its crosdinking ability is attributed to the reactivity of the epoxide groups at the two
ends of the molecule: in basic condit® the epoxide groups preferentially react with
alcohol or carboxylic acids, while in quite acid condition (pH 4+6) it can react witb-prim

ry amino groups (Fig. 2.9).

2.3 Biomaterials for regenerative medicine

Regenerative medicine is the process ofatieg 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 themséi¥ett is a critical frontier

in biomedical and clinical because it applies the principles gineering and life scien

es to enhance the comprehension of the fundamental biological mechanisms underlying
the structure function relationships in physiologic and pathologic tissues and tanacco
plish alternative strategies for developing substitutes whare able to restore, mai

tain, or improve tissue and organ functiot,

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

aiming applications of materials to health care, thecadled biomaterials.nl the first

Consensus Conference of the European Society for Biomaterials (ESB) in 1987, a bi
YIGSNRAFE 6l a RSTFAYSR o0& 2AffAlYa Fanal y2yo
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a form which, alone or as part of a complex system, is used to direct, by control ef inte



actions with components of living systems, the course of any therapeutic or diagnostic
procedure, in human or veterinary mediclff& This change in definition is indicative of
how the field of biomaterials has evolved. The first generation of biomaterial, in fact,
was developedn 1960sto achieve suitablehemio-physical properties tanimicthose

of the replaced tissue with a mimal toxic respongé®: a possibly noitoxic and inert
material. The second generation of biomaterjab®rn in 1980swas insteadbioactive
components that could elicit a controlled actidny the biological tissu&!. During this
second generatiof biomaterials therevasalsothe development of resorbableate-

rials in this waythe implantation after acontrolled chemical breakdownvould bere-
placed by regenerating tissueginally the thirdgeneration of biomaterials are being
designed tostimulate highly precise reactions at the molecular lexetl sodirect cell

proliferation and differentiatiorthereby stimulatingregeneration of living tissué4.

According to the new concept of biomaterial it is clear that in order to replicate proper
Fdzy OliA2y FyR 2NHBLI YA Ifundarhehtdl the deailgd lunddrstading A & & dzS & :
and mimickingof tissue properties up to the nanoscalRelow, the features of biological

tissues concerned in this PhD. project were analyzed.

2.3.1 Biological tissues

All biological ssues are composed of cells surroundedh®/ExtraCellular Matrix (ECM)
mainly composed by collagefells are tissue building blocks and compose the great
variety of mammalian organse(s do not grow efiiently in suspension, shey need

to be attached toa substratuni® with proper chemical andtructural properties them
survivalis deeply influenced bthe support where they are engrafted amthysicochen-

ical properties of the envirament. The ECM, in fact, is composedsmjuble and phyis
cally bound signals as well as signaisiag from ceklcell interactions.Thesesignaling
caninduces complex intracellular signaling cascades that converge to regulate gene e

pression, and direct tissue formation, homeostasis and regenerfation



2.3.1.1 Structureof teeth

The completed permanent human dentition consists of 32 teeth iamsl completed at
about 14 to 15 years of age, except for the third molars, which are completed at 18 to
25 years of ageleeth arecomplex organs thathas long held the attention of the eng
neering which seeks materials with which replace the chewingaggius vacations
caused by physiological basis, like caries and aging, or tralinese are bioceramic

composites, composed bhard and soft tissues.

Each tooth is divided in crown, the upper and exposed part, and root, the lower part
insertedinto the aleolar bone the crown and root join at the cervical line. The crown is
covered with enaral, whilethe root portion is covered with cementuiend attached to

the alveolar bonewithin which it sitsthanks to periodontal ligameniThe main bulk of

the tooth is composed of dentinyhich it encloses in its interidhe pulp chamber, is in

the crown portion, and the pulp canal, in the root, which normally contain the palp ti
sue(Fig. 2.105".
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Figure 210 Schematic tooth structure.

More gecifically, @amel the outer layerof the tooth, is composedof more than 96%

by inorganic elementsin the form ofpluratsubstituted hydroxyapatite,and it is the
hardest tissue in the bodylhe cells responsible for its formation are lost as the tooth
emerges and this renders enamel is a natal and insensitivéissue. This means that
when destroyedfor example by carie§Fig. 2.12, the enamel cannot be naturalle+
placed or regeneratétf. Because of its high density ahégh mineral content, enamel

Is strong @ough 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.lt is an avascular area composed by apatite (about 70% weight) and-orga
ic components, mainly fibrillar collagéfi. 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 thicknes@ig. 2.11 Becauseof this structure, dentin is
adapted for dissipating pressures or forces which otherwise would induce enamel fi
sures and detachment of the fragmented enamel from the outer deatiamel junction.
Within these tubules residéhe cytoplasmic extensions of cells from dentin/pulp gen

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

tion is sensitive and capable of rep&i



from a human molar.

Dental pulp the inner tooth layer,is a connective tissue organ containioglls, tiny
blood vesseland nervedocated in the deep central area within the tooth structutes
primary function is tdorm the dentin andfurnishes the blood and nerve supply to the
tooth. The pulp canal extends almost the whole length of the tooth and communicates
gAGK (GKS 02ReéQa 3ASYSNIf ydziNAGA2YylFf | yR

the roots.

Cementum isa mineralized connective tissue, similar in structure to bone except that it
is more dense andvascular; itconsists of about 450%of apatite and the remaining
organic matrix is largely collagéfh Cementum covershee entire root surfacendforms

the interface between the root dentin and the periodontal ligamgiatr its intermediary
position it functionally belongs to the periodontium, tispecializeddental supporting
apparatus.The cementum provides the anchorage of the principal collagen fibetseof t
periodontal ligament to the root surface. It has also a crucial role in adaptativeeand r
parative functions, maintaining occlusal relationship and to protect the integrity of the
root surface.The cementumthickness varies by the type of tooth and wale but is in

the range of 10800 pum™®. It has a complex architecture described as a twisted pl



wood structure with an altenating 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 nanineralized connective tissue situated between the
tooth and the alveolar bone. Itprincipal 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 allowingsome degree of movement of the tooth within its bone cavitiie
periodontal ligament has sb the function to minimizing the trauma of teeth of being
pushed together and preventing the tooth to from being pushed into the bof&is
requirement is met by the masses of collagen fiber bundles that span the distaace b
tween the bone and the toothrad by ground substance between them. At one extrem

ty the fibers of theperiodontal ligamentare embedded in bone and at the othek-e
tremity the collagen fiber bundles are embedded in cementiasides the collagen

the periodontal ligaments contains smaliood, lymph vessels and nervd2eriodontal
natural disease can establish itself when the gums detach from the teeth as a result of
an inflammatory response to plaque, diseassponsible for loss of periodontal tissue,

pocket formation, and loosening drioss of teeth(Fig. 2.12)
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Figure 212 Toothstructure in natural diseags’.

The final component of the periodontal apparatus is the alveolar bone, which lines the
sockets in which the roots of teeth are held. Alveolan&as thin and compact, with
many small openings throughith blood vessels and nerves pa3fhe composition is
close to the one of other bones, that is a 70% wt. of apatitic mattel collagerbased
organic matrixas well as water and cellBurther away from thetooth, in alveolar bone
increases trabecular morphologynlike the tooth, thealveolarbone is a very active
tissue, constantly in flux, undergoing tissue growth and resorptioring cells are hos

ed inside the matrix and they can be classifinto osteoblast§and preosteoblasts),
responsible of the production of the bone organic matrix and the regulation of tipe de
osition of the mineral part, osteocytes, positioned in the inner part of the bone, which
can be transformed again in osteoblasthen a new formation of matrix is needed, and

osteoclasts, which are big cells able to dissolve the mineral part of the bone.
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Figure 213 Schematic drawing of the bone structure



In alveolar bone there are two different types of bone tissue: comparctgrtical)and
trabecula (or cancellous) bone; the compact one is dense and harder, while theurabec
lar one is a spongkke tissue, but they are identical in their chemical composition. The
tridimensional structureof the compact bonés made oftanals called osteonandeach

one consists of concentric layers, or lamellae, that surround a central eeimah co-

tain blood vessels and nervebrabecular bone is less dense of cortical one, it has higher
surface area and is high vascularizedisTstructue gives the bone good mechanical

properties with low density at the same tin{Eig. 2.1}

2.3.1.2 Hydroxyapatite

Apatitesconstitute a large class of materialsth manyapplications both in biomedical
and environmental fieldwith general formula [NB[M QJ(XQ)):Z, where M represents a
bivalent cation; XQrepresents a trivieent oxyanion and represents a monovalent an
on'"?. Among all the apatites, calcium hydroxyapatit#d)is the most relevant in bi
logical systems, as it is the major component of bones and teeth; its formula is defined
as: Ca(PQ)s(OHY?\. In a stachiometry HA calcium, phosphateand hydroxyl ion are
present in the followingveight percentageC&"* = 39.84%:; P = 56.77%; OH= 3.39%

so the ratio CA& correspond t01.667.The apatite prototypestructure was first dete
mined by Narayzabo in 19367 and was confirmed to adopt RBn symmety (Fig

2.14)



Figure 214 Crystal structure of Hydroxyapatit€'.

The calciumions, occupy two crystallographically different symmetry sites, 4f and 6h
respectively for Ca(l) and Ca(lThe Ca(ljons are located in columns along the three
fold axesand each igoordinated to nine O atomd&'he Ca(lipns are sevestoordinated,

with six O atoms and one Okdn.

The abovedescribed 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 prope
ties make the biological apatites different from stoichiometric calcium hydroxyapatite.
The biological HA could be definedasalciumdeficient, multisubstituted hydroxyp-

atite: the Ca/P ranges varies from 1.54 to 1.73 (compared to 1.67 for pure HA)sand
lattice is very tolerant of substitutions, vacancies and solid solutiBarsexampleCacan

be replaced by by Sr, Ba, Pb, Na or vacalitiead FO, by HPQ, AsQ, VQ, SiQor CQ.
Owing to this ability, biological apatites are capable of variable composition and-ther
fore to be heterogeneous even within &a category and even within each calcifiest ti
sue(enamel, dentine, boneBased on observations from in vitro systems some of these
foreign ions affect crystallinity, morphology, lattice parameters of the biological apatites,

and as a consequence, impatability or instability to the tissues involvéd.

In particular the presence of carbonate and magnesiunsim the biological apatites

strongly contributes to theeduction of HA crystallinity and makes HA more soluble and



bioresorbable in physiological fluids. Thanks to its very poor crystallinity degree,ibiolog
cal apatite is not a stable material, as itnsolved 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 remobligself.

Thehigheris thecarbonate contenthe 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 sarta incorporated

into the HA structure, into two different crystallographic sites, hydroxylly(@®e carbm-

ation) or phosphate (Bype carbonation). Bype carbonation is related to a higher aifi

ity of apatite for osteoblast cells, compared tetyjoe cabonation, as it does not alter

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

production of collagg®.

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 firagss of the boneemodeling
process and decreases with increasing calcification and with the ageing of individual.
The presence of magnesium increases the nucleation kinetic of HA contemperary r

tarding that of its crystallizatidf’.

2.3.1.3 Hard tissues nmeralization

The natural formation of hard tissue takes place through diffeeamnts; 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 thisassEmbling,

a quarterstaggered arrangement of parallel molées 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 repdfiteare the preferential sites

for the nucleation of the mieral phase (Fig. 2.15
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Figure 215 Schematic illustration of nucleation of bone mineral crystals during self

assembling of collagen fibrif¥!.

The nucleation of mineral nanocrystals takes placspecific locihighly charged from
carbaxylate groups that can bind €adons. Following the chemical binding edlicium

the supersaturation of physiological fluids in phosphate jam&l optionally other minor
species,provokes the precipitation and nucleation of thAphase as nangized, phte-
shaped particles, which are initially confined to the hole zones, and progressively extend
along the collagen fibrilsThe organic template transferseveralinformation to the
mineral phase at the molecular levehe chemical interaction of hydroxyafite with
collagen prevents the crystallization of the mineral phdke size and shape of theun

clei are constrained by the activation of structural and morphological control ezxech
nisms during the bianineralization process; the growth of nuclei is tedi to very thin
lamellae, which are spatially confined and have a specific crystal orientaZigystal
growth is limited to very few unit cells of the apatite lattice, with values ranging from
30-50 nm long, %-30 nm wide, and A0 nm thick The apatiteplatelets develop along

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

of the hexagonal apatite latticelhe mineralized fibrils with a sajfganization process



pair up to constitute fibers and then lamellagrganized through different hierarchical

levels up to the macroscopic bone.

2.3.2 Scaffold development fotissue replace and regeneration

Most approaches currently pursued within the frameworkreplacing lost or damaged
tissues by initiating the natal regeneréive processrely greatly on the ability to sy
thesize or otherwise generate novel biomaterials, to fabricate or assemble biomaterials
into appropriate threedimensional (3D) forms, and to tailor physical, chemical,cstru
tural and biological mperties to achieve desired clinical efficacy. In a regeneration
strategy, biomaterials promote newssue formation by providingorosity and appo-
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 tisdue, ce
lular and molecular scales in a specific tissue, respectively). Consequently, such porous
architectures plays a pivotal role for regendirag cells to form new tissuefor vascula-
ization as well as the pathways for mass transport via diffusion and/or convection.
While interconnected macroporosity of a biomaterial is important to provide sufficie
space for cellular activii?, interactions between ctd 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 esthffold interactions and ultimatelyst

sue formation and functioft®l.

The regeneration ofiardtissue isverycomplex process that is known to be regeldtoy
multiple factorsand requiresa scaffold chemically and morphologically similar to bone
in order b facilitate the attachment of osteoblasts aride formation of blood vessels
that mediate the transport of osteogenic precursors, of secretory molecules that act as
activators for osteoblastexchange the fluids anlansporters of nutrients and oxygen

(Fig. 2.16)
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Figure 216 Schematic illustration of cellular integration and growing on a new suppdtt

Although there are various therapeutic strategies for promoting the regeneration of
hard tissues, the use of biomaterials alone or associated with gstegenitor cells
and/or growth factorsis consideredhe safer andthe less invasiveThe use of aat-

grafts comes with some disadvantages such as the limited quantity available and its use
also requires additional surgical procedures, and therefore, longer surgical titie a
possible complications of the wound of the donor site such as bleeding, pain ard infe
tion among others. Allografts and xenografts have the potential of transferringopath
gens and to avoid the biological risk, these materials are subjected to exhapsiise

dures which can reduce their structural integrity leading to graft fracture and haae dr

matic effects primarily on their osteogenic and osteoindudfite

A wide range of biomaterials and synthetic bone substitutes are cuyrersttd as s¢a

T2t Ra> AyOfdzRAYy3I O2ft-fi NEHQYE OXKdzRNIBEAdAEMK K1 h 8§ So o |
um-phosphate cements, and glass ceramics, and the research into this field is d¥§oing

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

to exchange chemical and biochemical signals with the surrounding physiologi¢al env

ronment, in ader to address the activity of progenitor cells towards selective different

ation. Physical signalamparted by the scaffold morphology and structure, determine

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



the design and development of thre#imensional mineralized scaffolds reproducing the
structure and the hierarchically organized morphologyafd tissuess still a challenge,

due to limitations in the current manufacturing technologies. In this view, tba/ n
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 biomophic devicel?.

2.3.2.1 Biominealization

Bio-ingpired crystallization of in@anic phases on natural template (also called- bi
mineralization) selfassembly andselforganization are an ensemble of concomitant
phenomena, inspiré by natural bone formationthat will be properly directed to ge
erate artificial elementary nanesized buildingblocks organized imacroscopigorous
devices It is so possibleexploit the ability of such a cascade of processes to foom-

plex hybrid nanecompositesstarting from natural polsnersdza A y3 G 3aINBSy ¢ O2y R
that isoperate under ambientonditions in aqueous solutiomhose characteristics and
organization are mediated by the activation of contnoéchanisms and structural ne
finement conferring defined funanalities to the final devic&€!. Due to theclose e-
production at a laboratory scale of the conditions naturally occurring in the formation of
the natural tissuesTampieri et al®® realizd bio-hybrid composites through bidiog-
cally inspired { K MPlidzd Kucleatiorof biomimeticHA on selfassembling cad-

gen fibers or other naturgbolymericmatrix®®. The crystals formed are very much like

bone mineral crystalghey aremulti-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 undgire can retain their own magnetic field



even when the magnetic field previously applied is switches off. The materials classified
4 GAaAdzLISNLI NI YIF Iy SiAoOe | (o siZedNNR MmwiseSGA O vy I
each patrticle is constituted by a siaghagnetic domaijmnon-magnetic on a macrospe

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 ma
netic field at a nanecale In a sime approximation, the total magnetic moment of the
nanoparticle can be regarded as one giant magnetic moment, composed of all the ind
vidual magnetic moments of the atoms which form the nanoparticle. Very oftem-ferr
magnetic nanoparticles show a certaireference for the direction, along which their
magnetization aligns to: these nanoparticles are said to have an anisotropy in these d
rections. Nanoparticles with an uniaxial anisotropy can quickly and randomly flip the
direction of their magnetization. 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 timeaveraged nemoment of zero is measured, but as soon as anrexte

nal field is applied, the nanopatrticles react similar to a paramagnet with the ong-exce
tion that their magnetic susceptibility is much larger. This situation is called the-supe

paramagnetic state of aystent®”.

Of late the introduction of magnetism in the field of biology and biomaterials has been
found useful in sophisticated bimedical applications such as cell separdfindrug
delivery®, diagnosticand contrast ageft’ and magnetic intracellular hyperthermia
treatment of cancef?l. The peculiarity of thenagnetic materials is to allow an GDFF

mechanism through the application of the eleatnagnetic field.

Magnetic materials have alsecently attracted a big interest in thféeld of regenerative
medicine, becauseecent findings show that the local application of weak magnetic
fields may stimulate cells treproduction and differentiat€®. In adding, regarding the
bone tissueregenerdion, it has been demonstrated that magneti@anoparticles have

the effect of osteoinduction even withougxternal magnetic forde”. In vitro test show



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

formance in cell proliferation is even improved respect to the-matgnetic contrdf”.

Iron-doped hydroxyapatite Among the magnetic materials usually used in the biomed
cal field, magnetic nanoparticles (MNPs) have drawn great interest owing to their
unigue magnetic properties, including the fabat they become superparamagnetic at
diameters of < 20 nffl. A point worth noting is thatincoated magnetite nanoparticles
are significantly cytotoxit’, and are believed to induce redox cyglimnd catalytic
chemistry via the Fentdt?”, the most prevalent source of reactive oxygen species (ROS)
in bbiologial systemIn adding oated ron oxide MNPgould accumulate in the brain,
liver, spleen and lungs, demonstrating their ability to cross the bibeain-barrief°*.
For these reasons thesa ofbiomimetic nanostructured apatitebased matricesVINPs
will be rapidlymagnetized to saturation and respond to the exterior magnetic field
however ersuring theirbiocompatibility'®?, because the metabolism of iresubstituted
hydroxyapatiteleads to the releas@nly of ions ferric one of the most essential el

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 irorats, however, to easier incorporation of
iron. It was investigated the local geometry of Feand F€* in Fedoped
hydroxyapatit€®® and it was find that the Ca{lisite is energetically favoured ov€a()
sites for F&" substitution and that sixfold coordination is mostbkte. However for no-

stoichiometric F& substitution, the fourfoldcase is most stable at the Qaite.

2.4 Biebased materials as air filters for mechanical ventilation

The increase in life expectancy and the advancement of medichht@ogy haveed in

the last50 years an exponential increase in caségatients who need a mechanical



ventilation. A valuation made byhe America Association for the Surgery of Traurea e
timated 2.7 episode®f hospitalizations involving mechanical ventilation pefQ@opu-
lation per year and,within these acute respiratory tractinjury were estimated at
86,2/100.000 person yearsvith an estimated national costef 27 billion representing
12% of all hospital costs".

Mechanical ventilation, in fact, is one of the most common interventions in theninte
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 functiir, d
culty in breathing, or failure to protect their airway. Although lifesaving, mechanical
ventilation can be associated with life threatening complications, including air leaks,

pneumonia andespiratory tractinjury.

Below physiological principles ofespiratory apparatus anthe main features of re-

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 #¥piration, take place thanks
to the negativeand subsequent positive pressundich goes to establisim therib cage
With the rib cageexparsion and the diaphragm contractiqrihe pressure in the chest
cavity decreases, the lungs expand and this, in turn, causdsitatationof the air. The
air flux enter from nasal or oral cavity,passes througharynx, trachea and reach lme

chi in the lungs wherthe bodyis suppliedvith oxygen
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Figure 217 Schematic illustration of the respiratory apparatus.

Thanks to theantlers of alveoli and theest breathing there is the diffusion between
the gaseous external environment and the blodte next passage of aiis out of the
lungs to expetarbon dioxide, thanks to thdiaphragm rkaxation and the contraction
of the rib caggFig. 2.17)
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Figure2.18 Temperature and absolute humidity (AH) during inspiration and expiration of a

normal person in rest at room environment (23°C, 10m@HL., 40% of relative humidity}*>.

Duringnormalnasal inspiratior(Fig. 2.18)airat different ambient conditionss warmed

and simultaneously moistened, firstly from the mucosal respiratory epithelium, causing
the mucosa cooling, and then along the whole respiratory tract. Whealéd reach the
body temperature, 37 °Gts capacity to hold water increases and when it reaches the
complet saturaion it contain about 44 mgpD/L ofwater vapor°®. During the expa-

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 conden$tion

2.4.2 Mechanical ventilation

During the mechanicalentilation, an artificiallyassiseéd breathingwas induced when
disease of the heart or lungs leads to failure to maintain adequate blood oxygen levels
(hypoxia) or increased blood carbon dioxide levels (hypercapmlare are twaomain
executivemodesfor the ventiation; the negative pressure ventilatioaxploits thefea-

tures of most mammalsatural breath, namelyy negative pressuteDuring the neg-

tive pressure ventilatiotit KS LJ- A Sy G Ydzad oS AyiooSINdg Ay G2 O°F
a chambersealed exceptfor the head and neckvhich remain free andwhere the air
pressureinto the chamberis cyclicallydecreasé and increasd, inducingan expansion
and a compression of lungs and $e tbreath. This israinherently uncomfortable po-
cessand ithas been almst entirely supersedetdy positive pressure ventilatorsvhich
work by pushinghe air from tanks directly intthe patient airway This last methoda-

gy could bedivided in tnoninvasivé ventilation, when the ventilation is delivered
through a face maslor "invasive"when there is the need of instrument penetragn
through the mouth or the skirgsuch as an endotr&eal or tracheostomy tubeThis type

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



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

pneumonia associated to mechanical ventilator.

In particular the tacheal intubation bypasses the natural filter provided by the upper
respiratory tract which physiologically warm and humidifies inspired gasasd shuts
out bacteria Consequentlythe trachea/bronchial mucosa is subjected an uncondt
tionated air,to a too dry and cold, which may lead to hyperactivity of the mucdes,
rangement of the bronchial epithelium, mucbary clearance mechanisms and lung
mechanics, setting the stage for intercurrgmilmonaryinfectionsand other disorders

like coughing and dyspné&&?.

2.4.2.1 Heat and Moisture Exchanger

In order to reduce the unfavorable effectsiakpiring unconditioned air, Heat and Nei

ture Exchangexy(HMES), also known as "artificial nosediave been developedhey are

intended toaccumulating L2 NI A2y 2F (KS arldimdistugyaidea SEKI

turning them to the patieninto the inspired gasDuring expiration, air coming from the
lungs is warm and humid; passing through the HME theradergoes a releasef biea-

ing due to the relatively cold device and the water condensate on the internal surfaces
of HME Water cached from the filter is evaporated toet cold and dry air that following

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

t



Figure 219 Schematic illustration of the principles of a passive HME dewictne enviran-

ment/patient interface!*®.

The International Standard fdriomedicalhumidifiers stated thathe minimum amount

of moisture necessaryfor patients whose upper airways are bypasse®3 mgHO/L
expressed irabsolute humidity AH (B% expressed relatiieumidity, RH) at30 °G**,
This valueprincipallyconcerns laryngectomized/tracheotomized patients and using for
longterm in intensive care unitsDuring anaesthesiain fact,the time duration of the
bypass of the upper airway ghorter, so lower levels of humidity could be tolerated
without causing dysfunctianFor 10 h of mechanical ventilatioghhas beenproposed
that a minimum level oR0 mgHO/L (RH: 45%YY is sufficient to prevent damage to
tracheabronchial epitheliaHowever the using ofleat and Moisture Exchangkevices

is growingalsoduring anesthesia treatmentsinceanaesthetic gaseeach a maximum

relative humidityof 40% at a temperaure of 24.8 &'*2,

The first HME filter was pat¢ed in 1954 after the introduction of the technique of
tracheostomy and positivpressure artificial ventilation, whengood humidifierturned

out to be essentialand hot waters humidifiersare proved to bringhigh cost andn-
creased work lodd**. Nowadays HMilters were employed as the sole method af-h
midification in patients receiving mechaniceéntilation**®, and many different HMEs
are commercidy available, which vary in shape, size and type of basic material.eFhe d

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 celllose sheets (hydrophilic HMESS. In order to increase heat and water retaining
capacity, these materials are often impregnated with hygroscopic chemicals, such as
magnesium or lithium chloride” and actually there are noost effectivelyHME filters

that exploit hyperthermia properties inside the filters fimcrement the heating

2.4.2.2 Antibacterial effect in HME filters

Nosocanial bacterialpneumoniacontinuesto compliate the courseof 7 to 41% of pa-
tients receivingcontinuous mechanicalventilationt*'®, Most have seriousunderlying
disease, increasedropharyngpal coloniation with hospital flora, and numerous ra-
sons for elevatedody temperaure or leukocytosis'®. Theseeffectsare caused by
sum ofcauses, includinthe bypassingf the naturalbacterialbarriersand the tospitalt
acquired infectiondue to transmission of infection between patieft&. Anesthetic
equipment isalsocharacterized by the risk of cresentamination due to frequent @-

tient changes at the anesthesia workstatih.

During mechanical ventilain both inspiredand expied gases pss throughthe same
apparatus, onsequently this iga suitablesite at whichapplying a bloclkf microbial co-
tamination. For this reason the latest generation HMEs also provide a barrier fram ba
terial or viral infection, thus providing considerable adizges over traditional heater
warmerd'?2. Often, however,these barriers arsamelysieves which stop the passage
of bacteria, but does not opposée engraftment and colonization and, in the most case,

cause an increasing of the pressure drop of the system which is Senbaf?.

2.5 Porousscaffoldsfabrication technologies



Depending on the desired propertiasd the used materiaimany techniques have been
developed aimed to producing porogsaffoldsfor several applicationdNowadays the

techniques varies froncheap and simpl@rocessesvhich gives relatively poor control
over microstructure to elaborate processes which give excellent control over @nicr

structure, butoften at the cost of time and expense.

Solvent castings 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 particleare embeddingnto the principal material solution, iarder to form pores

in the bulk of material upon removalWhen the solvent evaporate, the material
a2t Ad&ound $ha particles which are leached out of timaterialusingdistilled water,
anorganic solvent othrough degradatior{Fig.2.20)
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Figure2.20 Schematic illustration of the solvent casting and particulate leaching technitfife

Rapid prototyping especially threelimensional printing (3D printing) is widely used in
the production of large ash complex 3D porous matrices; itascomputer aidedtech-
nique using a deposition layer by layer of the material with the desired geonfieigy

2.22)



Figure 222 Schematic illustration of the threelimensional printing.

Gasfoaming with carbon dioxideas foaming agent has been often used to form three
dimensional (2D) 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 remaitrapped into the structure (Fig.2.21).

= Gas
gus: . gas Ras= RBas  pubbles

Figure 221 Schematic illustration of the gafoaming techniqué®!,

Peptideselfassemblingexploits the natural behavior of some peptides to assemble in
h-K St A E Sheets2ttHadk by norcovalent bonds and interactions. It is a reversible
and pHdependent process, controlled by peptide type and concentratibinis ted-
nique alleviateproblems inevitably associated with materials handlamgl solvent using

(Fig.2.23)
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Figure 223 Schematic illustration of the possibly peptide sel§sembling'®®.

Electrospinnings a versatile technology used to produtighly porous nonwovemats
of micro-nanometric fibers. The machinery is composed by a metiwllary ejecting
the material solution, and a metallic collector, angpwhich an high voltage is applied.
When the electrostatic force overcomes the cohesive force of the solusioraccele-
ated and stretched flux of materi@merges from theneedle directed to the collector.
Before the deposition the electrostatic repuls®cause a convective motion of theam
terial which leads to dry continuous solid fibers formation. Fiber diameternraogphal-
ogy of sheetscan be controlledrarying features of the solution and ttlepinningvaria-
bles(Fig. 2.24)
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Figure 224 Schematicllustration of the electrospinningechniqué?”.

Freezedrying processto form a porous material consists tfo stagesithe freezing of

the material (solution/dispersion, and thedrying of the materialby means of solvent
sublimation The freezing process is usually realized by a vertical cooling of the material
andthe frozensolvent is subsequently removdtbm the rigidmaterial by sublimation
applying a low vacuum aralvery slow warming ratésom the voids left by solvene-

sults the porous morphology, so the freezing step is very important in order to produce
desirable structures: during the freezing, solvent crystglow 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 examplea fast freezingresuts in rapid formation of ice nuclei and
the growth of small ice crystaishich leads to the preparation of materials wiimall

poresand viceversa usinglow freezing
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Figure 225 Schematic illustration of the freezdrying process.
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MATERIALS AND METHODS

3.1 Raw naterials

Several polymeric component were used in the present work asitbescbelow. Ype |
collagen(Coll) extracted from equine tendompurified and telopeptiddree, and syp-

plied as acetic gel (an agueous acetic buffer solution with pH = 3.5 containing 1 wt% of
pure collagen)was purchased from Opdaor S.p.A., ItalyType Agelatin from porcine
skin,~280 g Bloom, was purchased from SigAidrich(S. Louis, MO, UjA.ow molea-

lar weight chitosan (degree of deacetylation between-88%), medium molecular
weight chitosan (degree of deacetylation between8%%), high molecutaveight ch-

tosan (>75% deacetylated), sodium alginate aaliulose aetate (average \~50,000),

were purchased from Sigraaldrich.

Calcium hydroxidé€#95.0%pure), sodium hydroxidéx98% pure), chloridric acid37%
pure), solforic acid (998% pure), acetic acid¥99.7% pure), nitric acid §5% pure)
magnesium chloride hexahydra(@9%pure),iron(lll) chloride hexahydrat®7% pure)
iron(Il) chloridetetrahydrate (#99% pure) and calcium chloridéK®7% pure) wereall
provided by Sigmldrich

Fnally 1,4butanediol diglycidyl ether (BDDGE, 95 wt.% pure) and 24,6
trinitrobenzenesulfonic acid (TNBS, 1 M igOHwere purchased from Sigrdddrich,
genipin (98 wt.%pure)was purchased from Wako Chemicals (USA) dudphate buf-
ered saline (PBSvas purchased frorsibco(USA).

3.2 Material processing

3.2.1Freezedrying process



Porousthree-dimensional scaffoldsand filters were manufactured by unidiremnal
freezedrying technology (se cap. 2.5)nlegss differently stated, the freezing ramp was
1 °C/min until-40 °C and heating ramps were performed fre40 °C to-10°C at 5 °C/h
and from-10 °C tal5 °C at 1 °C/h under vaem conditions (at least P =10mbar). The
equipment employed in the present work was a 5Pakt@1000R

3.2.2 Electrospinningrocess

Regarding the deposition of thin porous layers electrospinning technique was used. A
ter preparing the electrspinnabledispersion, it was electrosim using a 10 ml syringe, a
21 G nozzle and a needtellector 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 Frieds®thillerUniversitat Jena Ottéschott

Institut fir Materialforschung (Jena, Germany) with a hemade instrument.

3.3 Analytical Techniques

3.3.1 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis is a widely used technique wherevém@ation 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 degradatiah pro
ucts which are carried away by the gas flowhe analyzer usually consists of a high
precision balance with a pan loaded with the sample. The sample is placed in a heated
ovenand the atmosphere may be purged with an inert gas to prevent oxidation or other
undesired reactionsOnce recordedthe weight loss curve may requidkgital elaboa-

tion: a derivative weight loss cungan be used talefinethe point at which weight loss



is most apparentData regarding mass loss process obtained from TGA is usehdrto
FOGSNRT S | LRfteYSNRAE GKSNXYIt adloAfAtes O2YL

In this study aalysis werecarried outon samples weighing-80 mginto alumina cruc
bles from RT to 800°C for nemineralized samples and 00 °C for mineralized sa
ples @ 10°C/min The equipment employed was a Netzsch Geratebau Jupiter STA (Si
ultaneous Thenal Analysis) 449G¢lb, Germany

3.3.2 Differential Thermal Analysis (DTA)

DTA $ a thermoanalytical techniqu&sed to study phase transitions of materials. Dgrin
this analysi® heating rate is setting artie difference in thancreasing of tempeture

of an emptyreferencepan and a samples measured
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Figure 31 DTA thermogram (A) and scheme of a differential temperature analyzer (B).

¢ Kdza A Y Sip#shildle tasstudy the ihemal effeats the material because afeli
ference in temperature is indicative of endothermic or exothermic transformations that
have occurredAn example of DTA pattemf heat flux versus temperaturis shown in
Fig. 3.1A. A DN'apparatus consists of sample and reference holders comprising therm

couples and a furnace (Fig. 3.1B).

In this PhD project about 10 mg afraple wereplaced in alumina pans and subjected to
heating scans at 10 °C/min from room temperature to a 1000%C Measurements
were carried out by using Netzsch Geratebau Jupiter STA (Simultaneousridiekna-
ysis) 449CSelb, Germany

3.3.3 X-Ray Diffraction (XRD)

Xray diffraction is a nofdestructive analytical technique which reveals information
about the crystallographic structure, crystallite size, and preferred orientation iry-pol
crystalline or powdered solid samples. This technique is based on observing the sca
tered intensity of an xay beam hitting a sample as a function of incident and scattered

ande, polarization, and wavelength or energyray wavelength is comparable with



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 ®f cry
talline compounds. Powder diffraction is also a common method for determining strains
in crystalline materials. The great advantages of the technique are the simplicitynef sa

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

ThankstoMNJ & g1 @St SyaitK o6< 06SGi6SSy mn yY YR ™
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 inc

dence radiation in all the directions; this phenomenon is known as the Rayleighrscatte

ing (or elastic scattering). These-emitted wave fields interfere with each othered

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

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 indiedtieh of the various interse

tion planesof the Y A y S biystal@édll refershe constructive mterference (dn: inter-

planar distancg

Figure 32 Constructive and destructive interference in Rayleigh scattering of X rays

The overlapping wavewill give rise avell defined scattered Xay beams leaving the
sample at various direction$he resulting wave interference pattesinown as diffrat
edintensityAy Fdzy OtiA2y 2F RATFTFNIOGA2Yy Fy3IES O6H' O



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 offsip@aks, amorphous a
terials produce a broad background signal. Many polymers, organic moleculesr-or ino
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 Bra@yentano parafocusing geometrin the
parafocusingarrangement (Fig3.3), the incident bam produced by the -Xay tube and
the detector of the diffracted beam move on a circle that is centered on the sample.
Divergent Xrays from the source hit the sample at different points on its surface but

during the diffraction process the-péys are refocused at the detector slit.

Detector

X-ray tube % b
S 9
(o
26

|
probe

Figure 33 Scheme of 8ragg-Brentano pardocusing difractometer.

During this workthe I3 &€ RAFTFNI OQGA2y LI GGSNya 2F GKS al
NI} y3aS FNRBY wmnc (G2 cnc 6AGK | aaGSL) aAl S ow'
equipment adopted was a D8 Advance Diffractometer, Bruker (Karlsruhe, Germany)

equipped with a Lyneyepod G A2y &aSyaAdAgdS RSGSOG2NI dzaay3a |
generated at 40 kV and 40 mA.



3.4.4 FourierTransform Infrared Spectroscopy (FTIR)

Infrared spectroscopy is the subset of spectroscopy that deals with the region of the
electromagnetic spectrurbetween 14000 and0 cm' (from near to fafIR). Te signal

is acquiredn the time domainandthroughthe FouriertransformA G Q& L2 &aaAof S G 2

the spectrumin function of frequencies

Infrared spectroscopy exploits the faittat at specific frequaciesthe interaction with

the radiationcausesvibrational transitions (Fig. 3.4)he absorptionfrequencies can be

in a first approach retad to the strength of the bonénd the mass of the atoms at-e

ther end of itand around. Thus, the frequenciesdathe intensity of absorptiorcan be
associated with a particular bond type and can be used for the characterization of very

complex mixtures.

Q2 .

C
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Figure 34 Possible vibrations detected by infrared spectroscopy

The method employed for sample preparationtasgrind finely (to remove scattering

effects from large crystalg)bout 2 mg othe sample withL00 mg of anhydroupotass-



um bromide, which is used also as a reference. This powder mixture ispifessed at
8000 psi into 7 mm diameter disoc form a translucent pellet through which the beam
of the spectrometer can paghrough. All the spectra ar¢ghe average 064 spectrg ac-

quiredat room temperature in the range of 408000 cn at a resolution of 1 cfh

The equipment employed in the present work wvaa$hermo NicoleAvatar 320 FIR

3.3.5 Scanning Electron Microscopy (SEM)

The scanning electron microscope isn&roscopewhich exploitsas sourceradiation a
high energybeam offocusedelectronsthat hit the surfaceof the sample.Theprimary
beamis not fixed but scanin sequencerecordingpoint by point a smallareaof the
sample at a timeThe type of signals gathered in a SEM vary and can include secondary
electrons, characteristic-pays, and back scattered electrons (Fig. 3rbparticula, the
secondary electrongre generatedirom anaelasticinteractionsof the beamwith the
valence electronsf the atomsof the sampleThey emergdrom the samplewith a very
low energyso they can beletectedonly thoseproducts veryclose to the surfaeof the
samplefNRY fSaa 0GKIy wmnn yY 0.2 I NRdzyR p >Y

Incident electrons

Auger electrons Back-scattered eiectrons

Secondary

X photons electrons

Sample // / A
S, / 7 /// Absorbed electrons
)

Scattered electrons
v

Transmitted electrons

Figure 35 Signals produced by the interaction of the electron beam with the sample
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Theintensity of thesecondary electroemissionis thereforevery sensitive tadhe angle

of inddenceand to the surface structure of samplEor these reasons the SEivimary
use mode, secondary electron imaging capable of producing higlesolution images

of a sample surfagat has wide range of magnifications and great depth of field yielding

a characteristic thre®R A YSyY aA 2y £ | LILISE N yOS dzaS¥FdzA F2NJ |
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and electrically groundedFor this reason nonconductive sample, likest of those

usedin this project, are usually set on a metal stub and coated with a conducting-mat

rial, like gold, deposited at the top of the sample like an ultrathin coating witdwa

vacuum sputter coatingThe measure must usually take place under haguum (2-18

Torr), to avoid a rapid spread of the electron beam by atmosphere gas, but in BSEM i
strument (Environmental Scanning Electron Microscdpe)}vacuum {¢50 Tor) with

an high relative humidityare possible.

The equipment employed in the prasework was a ESEM FEI Quanta 200, F&k&i
(Austria).

3.3.6 Inductively Coupled Plasma Atomic Emission Spectroscopy-AES)

ICRAES, is a type of emission spectroscopy that uses a plasma to produce excited atoms
that emit electromagnetic radiation atharacteristic wavelengthfor eachelement. 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 f@apectometry is sustained in a torch, the end of whish
placed inside an induction coil supplied with a raffequency electric current. A flow of
argon gas is introduced and an electrical spark is applied for a short time to introduce

free electronsnto the gas stream.



These electrons arthen acceleratedand sometimescollide with argon atomsgause

the lost by argon obne of its electrons. The process continues uitis obtained an
highly ionized gas with a number of electrons and ions of Hreesso as to be a good
electrical conductor, a plasm&he samples to be analyzed are firstly solubilized and
then introduced into the hot region through an atomizer. The temperature of the-pla
ma is very high, of the order of 10.000 K, so that the atotitimaof 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 th&P, it evaporatesra any substancéhat were ds-
solved in the liquid vaporize and then break down into atoms. At the temperatuees pr
vailing in the plasma a significant proportion of the atoms of many chemical elements
are ionized, each atom losing its most loosetynd ekctron to form a singly charged
ion. The emissiomadiationis then collected by thenonochromator and linked to ¢o
centration bycalibration lines madeusing standard solutionat concentrations around

the expected.

The equipment employed in the presewbrk was a Liberty 200, Varia@layton South,
Australigand, prior to the analysisthe amount of samples required to reach 20 mg of
inorganic component was dissolved in 2 mIHNQ, and the solution volume wag-
creased up to 100 mL with deionized wat&eference solutions were prepared byxmi

ing standard solutionsontaining the investigated atoms and an equally diluted solution
of nitric acid was also analized and the corresponding spectrum subtracted by the expe

imental one.

3.4 Characterization m#éhods

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 b the number of free electrons. During the magnetic susceptibility
measurement, the interaction between a permanent magnet and the weight beirg tes
ed is determined as a weight using a higlsolution mass comparator to estimate the

magnetization vs magnietfield (M vs H) curve.

After the analysis the recorded curve can be decomposed into the sum of the pgrama
netic (linear) contribution and ferromagnetic/supparamagnetic (Shaped) contrib-

tion (Fig. 3.6).

Magnetization measurements were performed iwa different equipment. The fist

equipment is a Superconductir@uantum Interference Device (SQUID) magnetometer

(0p))

Quantum5 S&aA3dy o{ly 5AS3I23 /10X 2LISNIGAY3I I

mum applied magnetic field (H) of 7T. About 20 mg of material were measured in a
YII3ySGAO FASER 0&0ftS FNBY bu¢ (02 bT¢ |0

temperature)
— 7T T T 7T saturation
of super-
M Sum paramagnetic
2F | component
<
a .
9 Paramagnetic
ne @} contribution , i
S|0De IS a measure
. for the amount of
tl- paramagnetic contribution
za , Superparamagnetic
) contribution
tin
i i A i il " i i i L i i i i 1 i i i i
-10 -5 0 5 10

Field

Figure 36 Example decomposition of a superparamagnetic measured curve (bldok)par-

amagnetic contribution (blue) and supgraramagnetic contribution (red)



The second type of measurememsre carried out byibrating sample magnetometry
(VSM usng a magnetometer MICROMAG3908yinceton Measurements Corp.
(Westerville USApn about 50 mg of material.

Magnetic susceptibility tests were carried out in collaboration with HZDR (Helmholtz
Zendrum Dresden Rossendorf; Dresden, Germany) and Frigdlfidler-Universitat

Jena OtteSchottinstitut fur Materialforschung (Jena, Germany).

Hyperthermic effect

Measurement of magnetically induced heating were performedhs/homemade sé¢-
up RLC to generate a variable magnetic fiBetause of the smhsizeof the mateials
and powdertested, a 3cm-diameter coilwasused.The main coil (Fig. 3.7A), wheram
terials are placed inwill be responsible of the alternating magnetic fieWith this a-
paratus,to generate a magnetic fielof B=390 mT at arequency of 313 kHit is neces-

sary to apply a voltage of 24 V

In order to carry out high precision experimental tests, twamcentric tubesvhich will

be positioned inside the main coil to isolate the samglesn the outside an external
black one to hsorb any possible source of radiation, and another one internal partially
closed where the ample will be placed duringxperimental tests (Fi§.7B, C, P The
transparent tube include an internal empty space which consists of different passages

specifi@ally designed to cool down the internal area with air.



Figure 3.7A: 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 (R&327 Infrared Thermometer, RS Components, UniteajKin
dom) with a field of view 10:1 and temperature range frep®°C to 500°QFig. 1.1.6)

was used to determine the sample temperature.

Hyperthermic tests were carried out in collaboration wRllution Sk (Budrio, Italy),

with acircuitdesigned and consicted directly in its R&D laboratary

3.4.2 Swelling and degradation test



For the evaluation of the swelling degree cylindrical samples (@ = 2cm, h =wécen)
weighed, put imphosphate buffered sale at37° and at various timesdrained superf
cially by gentle contact with a filter paper and weighed aga@ime swelling percentage
was calculateas:

e O T
P "Yu : Wp T T
()

where Wis the initial weight of dry samples and;¥fe the samples welgs after swel

ing.

For thedegradationdegree at the same waythe samples were weighed, put in saline
solution at 37° and at various timésey where removed and weighed again after drying
at 37° for 48 h in a ventedver!Y. The degradation degree aercentage of weighta-
mainingwas calculates

P OQ Qpnnd)—oopnn

where W, 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 Wettabilitymeasuremerts

For agood knowledge of theolidcliquid interfacial tensions, so theetting behavior of

water or othersolvents on a surfagestatic contact angle iwidely used

Contact angle measuremerg defined geometrically as the angle formed by a liquid at
the threephase boundary where a liquid, gas and solid interséas. easily performed
by droppinga fixed amount of solvent onto a solid sample and by direct measurement

of the tangent angle of a droptanding on the surfacef the material. Small contact
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spond to low wettability(Fig3 .8).

B <90

tangent

solid solid

Figure 38 lllustration of contact angles formed by sessile liquid drops on a smooth homegen

ous solid surface.

The water affiniy was tested using the static contact angle on the matematbe form

of films. In order to produce non porous films suitable for the measurements, weemat

rials (before crostinking in the case of gelatichitosan mixturewas cast intowvells of

24-wells celtculture multiwell patesand dried atroom temperature. Distilled water of

approximately > f gl & RNRBLIJIJISR 2y i2 (GKS &adz2NFIhOS 27F {f
gle of the drops were measured using a tensiométetecBased Optical Contact Angle

Meter OCA 15+Innovent (Germany). All data perged were the mean values of five

measurements and result was expressed as an averagedalue

3.4.4 Bio-compatibility test

The cells used for the cytotoxicity tests are mouse cells Balb/c 3T3 clone A31 CLICC,
163) or mouse mesenchymal stem cells (MMSCs; Invitrogen). Som#g ciflogre expe-
iments illustrated in this Ph.D thesis were carried out in collaboration with LER&H

0 2 NJ (0 Rvaludtien dedaterielsimplantablesMartillac, France).



Cell viability assayln order to make an initial assessment of cell viabilityused a
qualitative test, theLive&Dead viability assaythis is a twecolor fluorescence téghat

permits the simultaneoudetermination of live and dead cells

Cylindrical scaffolds.00 mm diameter and 4.00 mm highere sterilized withethanol

and byUV irradiation. Samples were placed one per well in avéi plate and pre
soaked in culture medium. Each scaffold was seeded by cardfolbping 20 pl of cell
suspension (5.0 x f@ells) onto the upper scaffold surfacs|owing cell attachment for

30 minutes, before addition into each well céll culture.

At a set time wo probesmust be added to the cell couture, the calcein acetossimetil
stere (CAM) and the ethidium homodimer (EtD) (Molecular Probes; Live&Dead® Viabi
ity/Cytotoxicity Kit). Aftetthe incubation the CAM is converted to the fluorescent form
OAYUSYasSF IpBAY YD <oé SadsSNIasS LINBaSyid Ay
the EtD instead can permeate only damaged plasma membranes of dead cells @nd bin
ing nucleic acids itbecond ¥t dz2NBa OGS FlicopMNVBEKE NBR:Z <

Images were acquired by an invertedETfluorescence microscope (Eclipse, Nikos), u
ing FITC filters<620nm) for CAM and TRITC filte6%50nm) for the EtD. The qualitae
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 contaciThe first step in biocompatibility evaluation is the
study of materials cytatxicity which wasassessd according to the 1ISO 10993stard-

ard?,

Cells are seeded in multiwell plates (6 wells, 10 cm?, Nunc) at the starting density of 35 x
10% cells/cm? in culture medium; cultures are incubated for 24 hours. Cylindricél sca
folds, 18 mm diameter anBmm higlz ¢ S NB & (réyitdadiatioh &hdkthed gest !
material is carefully placemh direct contactwith the cells in the center of each replicate
wells. Wells are then incubated over a 24 hour period and subsequiamtignother 2

minuteswith Trypan blue (Sigma Aldrich), a blue dye which can penetrate only into the
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counted using a hemacytometer.

All celthandling procedures were performeitt a sterile laminarléw hood. All cell
culture incubation steps were performadto an humidity controlled incubatoat 37°C

with 5% C@ Threereplicates of the test material are carried out

3.4.5 Pressuredrop and moisture exchange measurements

The equipment used in thisork (Fig. 3.9)s based on the lung model described in ISO
9360d% and consists of two separate circuits. The first simulates a patient model and
includes a 2 liters rubber bag,heeated humidifier (MR428, Fisher & Paykel, Auckland,
New Zealand), a pogsion weighing devicand one bidirectional flow control valve and
both inspiratory and expiratory air lines. The inspiration and expiration lines inside the
simulated patientare separated becausein this way it was possible to measure acc
rately theabsolute humidityof both lines with two capacitaneleygrometers (313, PCE
Instruments, Germany). The secondary circuit basically consists of a mechanicat ventil
tor (Lifecare PLALOO, Philips Respironics, The Netherlands), which generates a didire
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
LJ- & A Sy (it cydeX® thahpNihary circuithe dry air flowing in the inspiratory

air line is forced to pass through the filter and through the first psychromgtérere

the absolute humidityof the inspired gaseds measuredpefore filling the simulated
lung. During the expiratory phase, thair is sent back through theeated humidifier
(T=37°C)and the second psychronesr (where the absolute humiditpf the expired
gases AR, is recorded) becoming saturated byhe time it reaches the filterThree

tests were made for each sample and each test lasted two hours.

(@

(0p))
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Figure 39 Schematic diagram of the gravimetric method based on ISO 9360 for testing HME

devices A, B: temperaturgrobes

The performance of the sample was determined by measuring the mass ef Vst
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 (Akj), it was possible to calculate the moisture outpeturned to the

patient:
Moisture output = Ald, ¢ moisture loss.

Additionally, the humidity efficiency was also calculated with the percentage recovery of

absolute humidity (Al proposed by some authd?s
AHec (%) = (moisture output / Adg) x 100

The pressure drop of each sample was recorded before and after preconditioning the
sample in the test apparatus for twoobrs. A flowrate of 60 Lmin with dry airwas
usedand resistance across the sample holder was measured by an electronic differential
manometer (2080P, Ditron, United Kingdom).



Pressure drop and moisture exchange measurenveeite carried out in collabation

with Pollution s.r.l. (Budrio)

3.4.6 Amine crosdinking degree

In order to evaluate the crodsking degree whichinvolves polymer primaryamine
groups it has been used methodto determine the primary amineesiduecontentof a

material’l.

This method is based on the reaction of TNBS (2rthBrobenzenesulfonic acid) with

primary any primary amine compound, showed in Fig. 3.10.
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Figure 3.1(Reaction scheme of TNBS with a generic primary amine group

TNBS undergoes a nucleophilic substitution reaction with amine compound replacing
the sulphite groupTNBS reacts at alkaline gHA (i K {1 Saxivid gfdugs as"well as
sideO K I Janyffinotgroups andhe reaction producstrongly absorbs at 345 nm.oNe-



action takes place in an acidieedium, this is well suited for a blankNBS is added to
the primary amine containing target moldeun alarge excess, that is respectively 10:1.

Unreacted TNBS is masked by adding concentratddolailoric 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 adicate) 1 mL of NaHG@ wt% and then

2 mL of TNBS 1 wt% each were added, while in the last tube 1 mL of N&ME®D, 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 waterl=tB7°C for 3 hours and then at the

first 3 tubes 10 mL of hydrochloridric acid 37 wt% and 5 mL of@wWater were added,

while in the last tube 3 mL of hydrochloridric acid 37 wt% and 5 mL ofQniiater

were added. All the test tubes was shackea waterbath at 37°C for 20 hours and then
cooled down to room temperature. The yellow solution was diluted 20 tibefere UV

Vis spectrometry analysis. The instrument used during this work whansbda 35
UV/VIS SpectrometeRerkin Elmer Instrment USA and the spectravas collect from

200 to 800 nm at 240 nm/min.

Throughan absorbancerss concentration calibration curvé was possible to quantify
the free primaryaminespresent in the sample§ henon-crosslinkednaterialwas used
as the 100%ree aminestandard while foreach sample washemicallysimulated &ully
crosslinked material (the forth tube whereacidicmediumwas created before the TNBS

added)as0% free aminastandard

3.4.7 Determination of bactericidal anat bacteriostaticcapability

The evaluatiorof the ability of materials to countethe growth of bacteria and molds
was conducted asugpntitative surfae test carried out in accordingith the UNI EN
13697:2001standardmethod proceduré® for the evaluation of bactericidgiroperties

for a filter.



Thein vitro test was conducted usingtrains of Escherichia coli (gramegative), Psg
domonas aeuginosa, g&phylomccuus aureus (graipositive,bacteria belmging to the
humanderivedgenug, Saphylococcus epidermidis, Candida albicans (yeasi)Aspe-
gillus niger (moldas microorganisms tested he tests were conducted at 20 C, with
reagentsand culture media specific for each strain and with a contacie of 1, 4, 24

and 72 hours.

Each sample surface under study (upper and inner surface) has separately been-conta
inated with an inoculum of 1 mL of each microbial suspension (microbial title %f 10
cfu/mL for bacteria and Tocfu/mL for fungi). Specifidig the chosen surface was attif
cially contaminated with the test organisim 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 produis neutralized for ensuring that the spec
fied contact time is adhered to and surviving bacteria were counted &Rdnoursincu-
bation at 37 °C. The performance of the product is determined by calculatings@ log
reduction factor using the number of ganisms recovered from thiest materialsand

the number recovered from the contrplates.
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DENTAL REGENERATION

The contemporary mineralization of organic matrix and-seffanization of the minera
izedproducts are processes which naturally occurs in the human body during formation
of hard tissues. Binspired mineralization and sedfssembling processese the lead-

ing threadfor the development of scaffold$éor dental repair and regeneration which
shauld exhibit physicathemicaimicrostructural features mimicking different human

tissues, in order to create a tissue conductive system.

Natural polymers like collagesnd gelatin, at state of solution or suspensioirs pres-
ence of ionsinvolved in thebiomineralization process, arenduced to assemble into
fibers by pH variation. Insuch conditions, the sedssembly of the polymeri-f
brils/molecules as well as the heterogeneous natiten of hydroxyapatite wre simu-
taneously induced. Chemically and morpdgically graded constructs eke designed

thus mimicking the muktissutal complexus.
In this chapter, the developed materials was explained through two main sections:

I.  Dentinlike scaffold

[I.  Trylayer periodontiumlike scaffold, which, in turn, is divideat i
i.  Alveolar bondike layer
ii. Periodontiumlike layer

iii.  Cementumlike layer

4.1 Dentin

Dentin is an high mineralized tissue (it is composed of about 70% of inorgani@-comp

nents), with a channel like structuteaversing its entire thicknedsom the inner pat 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 promisomganic template for the biomineralization
processand low-cost material to develop scaffolds for hard tissegeneration During

my thesis ksynthetized dentidike scaffolds using gelatin biomineralized with magnes
um-doped hydroxyapatite (MgHA/Gel) and blending it with algin@i#gHA/GelAlg).
With a contrdled freezedrying process and alginate crdgskingwaspossible todevd-

op scaffolds with microscopic channels comparable to dentin tubules appropriate for

cell penetration and matrix deposition.

The mineral phase, represented by magnesiwydroxyapatie (MgHA), was directly
nucleated on the gelatin molecules room temperatureduring their simultaneous self
assemblingin this way the low crystallinity of the inorganic phasesssuredMagnes$
um ions were introduced to increase the physteemical, stuctural and morphological
affinities of the composite with newly formed natural bdHeAn high degree of mime
alization of gelatin has beesought in order to mimic the natural chemical composition
of the dentin but the material resulted tobrittle. After several tests, alginate wasash
sen asan organic and biocompatiblsupporting material for the prewus described
mineralized phad@ since it makes possible to creagescaffold with a stable 3D mo
phology without decreasing the overall mineralization degree. Themuoellike pores
was reached exploitinthe freezedrying tecmique®® and crosdinking of the alginate
with C&"*ions,which also makes possible reduce thedegradation 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 imsred biomineralization process based on an duide nel-

tralization reactioft’. Sofirstly 5 g of gelatin powder was dissolved in 100 mL of demi



eralized water at temperature of 40°C under magnetic stirring for 1 hour. The solution
was then coad at room temperature andd mL of HPQ, 0.7 M solution vere added

After a complete homogenization this solution was dropped in a Ca(8idpension
(9,04 g in 500 mL of distilled water) previously enriched with MG&IO (1.19 g in 25

mL of distilled water) to yield a MgHA/Gadmpositematerial in the ratio 80:20 wt%.
The amount of Mg@bHO was calculated to obtain a Mg/Ca ratio equal to 5%dlhe
drop-wise addition procedure was performed under vigorous magnstirring, 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
crosslinked for 24 h at 25 °C adding a 1% w/w BDDGE aqueduisos, setting up a
BDDGE/Gelatin ratio equal to 1 wt%. The final product then washed three times in 1

L of distilled water, freezR NA SR | YR aAS@OSR dzy RSNJ onn >Yo®

The mineralized gelatialginate composite was then producguteparingan aqueous
dispersion of the previously described MgHA/Gel with a concentration of 20% w/w and
an alginate solution8% w/w produced dissolvinghe sodium alginate irdemineralized
water at room temperatureand completingthe dissolution with 1 hour of sonication.
The alginate solution was then mixed with the MgHA/Gel dispersion in a rafid,oih
order to obtain aligHA/Gel)Alginate ratio of 5:2. This mixing was poured id@®wells
cellculture multiwell plates and freezdried obtaining a strong and porous material.
Without removing these materials from themolds,to crosslink the alginateand stal-
lize the porous structur@ was addedl mL oflM calcium chloride solutiofor each at
this concentration the calcium/alginate complexation takes place before the alginate
water dissolutionso thatthe interconnected 3D porousiicrostructure of the scaffolds
obtained by theprevious freezedrying could be retained The materials was then
washedfrom the excess of CaQly placingthem 10 times in fresh deionized water, and
freezedried againto preserve the cylindrical shape and the well alidrporous strg-

ture (Fig. 4.1)



Figure4.1 MgHA/Gel+Alg dentinlike scaffold

Other kind of materials were developed by changing the ration between the cemp

nents:

a) MgHA(%2)/Gel+Alg(¥2) was made at the same conditions of MgHA/Gel+Algximg,m
during the blending phase,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 dispersidMgiiA/Gel with 88% w/w
gelatin solution; this mixing was crelisked with BDD& for 48h at RT before freeze

drying.

c) MgHA/AIg+Alg, was made using the same conditions efrbneralization but on ka
ginate matrix; a 20% w/w dispersion BfgHA/Alg was then med with a 8% w/w algr
nate solution; the crossinking and the freezelrying processes wre the same to those
used for MgHA/Gel+Alg.

The materiaMgHA/Gel+Algvas finally chosen as the most promising for in vitro eaalu
tions because of its structure very close to the dentin one and its high stability irophysi
logical environmentAs reference material fobiological tests netnineralized sample
(Gel/Alg),were made with the same protocol ofthe mineralized one, but during the

blending phase a 10%/w gelatin solution was mixed with a 4% w/w alginate solution.
4.1.2 Chendalphysical characterization

4.1.2.1 Thermogravimetric Analysis



The overall loss of weight (TG) and its derivative (DTG) undergoimedzgdried mn-
eralized gelatin and final compositare shown in Fig. 4. Z’hermal decomposition pr
file of MgHA/Gel alone shawtwo distinct weight losses; the first, in the rage tengper
ture of 30150 °C was due to loss of ablsed water, while the second weight loss;-0

curred between 250 and 550 °C, was attributed to decomposition of gelatin molecules.

The thermogravimetric angsis of the final material, MgHA/Gel+Alg, shows instead
three weight losses: the losses due to water evaporation and gelatin moleculemeeco
position can be overlaid to those of the first thermal profile, while the new weight loss
between 2@ and supposedl850°C, may be attributetb the decomposition of alg
nate®.
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Figure4.2 Thermal decomposition profile (TG) and its derivative (DTG) of MgHA/Gel and
MgHA/Gel+Alg.

The thermal decompoton is completedaround600°C, with an overall decrease of 0
ganic components of about 35% of the total weight. The final weight ratio between for

inorganic/organic composition was so fixed to 60/35 wit.



4.1.2.2 X-Ray Diffraction

XRD diffraction was used characterize the mineral phag@esent into the composite,

its crystallinity degree and ensutiee absence of secondary phases.

o
oleut T MgHA
“‘\",\w’vf-al“-“a

MgHA/Gel

MgHA/Gel+Alg

20""""30' 40
Position, 26 (°)
Figure 4.3XRD spectra of MgHA/Gel+Alg, MgHA/Gel compared with synthetic MgHA.

XRD spectra of MgHA/Gel and MgHA/Gel+Ailgddnaterialsare shownin Fig. 4.3and

in both of diffraction patterns hydroxyapatite was identified as a main phase (ICDD card
n. 090432) and it can be stated that no secondary phases are appreciated (XRD spectra
of MgHA prepared with the same neut&dition process was shown as example io-br

ken line the main (hkl)indicesfor nanometersizedapatite are(002),(102), (210)(211)

(112) (300) (202), (130)(222) (213)and (004), whicloccurl & H ‘' 28,2°H2p,10,dbC =

32,07, 33,1°, 34,1°, 35,739,9°, 46,7°, 49,5°, 5399).
l02dz0 GKS ONBaldlf &addzRe> ikellettiins,$dusedpaiiz aSS |
ly by the presence of organic compounds, but also typical for a very low crystalhne mi

eral phase.



4.1.2.3 FourierTransform Infrared Spectroscopy

Infrared spectroscopy analysis was used to determine the bands relative ttidoal
groups typically present in the composite components (apatite, gelatin and alginate) and
also to study the probable interaction between organic and inorganic phasest.&g.

shows MgHA/Gel+Alg spectra and compares MgHA/Gel spectrum with theelaive

to not mineralized gelatin.
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Figured4.4A: FTIR analysis of MgHA/Gel+Alg anf MgHA/Gel compared with pure gelatin.
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Figure4.4B: Detail of the pure (broked line) and mineralized gelatin (solid line) spectra from

1350 1345 1340 1335 1330 '150'0' e I106O

1350 to 1330 crit. C: Detail of the starting sodium alginate (blue line) and complexed calcium

alginate (red line) spectra from 2000 to 500 ¢m

Gelatin exhibited significant broad band 83 cm®* typical for @H stretching, an la

most hicen band at 3082m™* related to N¢H stretching and bands arour2955cm’™

and 2880cm! could beattributed to CH asymmetrical and symmetrical stretching-r
aLSOGASted LGQa LI acni adad tdCO str&édingi &bando | y R
at 1550cm™ which refersto N¢C stretchingof a secondary aminand a band at 1452

cm?, typical for Chibending. Other significand bands are the one at 1348 coorre-

sponding to the stretching afCOO group, the band at 1240 gpreconducible to KH

bending and the band at B2 cnt?, characteristiof C=0 stretchir{.

The main absorption bands characteristic of hydroxyapatite appedrla0 and 1035
cm™, related with the triply degenerated asymmetric stretching of thePEO bonds of

the HA phosphategroups at 604cm™ and 566 cm™, assignable to €H and @PcO
bending respectivelyThe peak at 1415 chhassignable to the stretching modes ofrca
bonate groups implies carbonation of the inorganic phak&ing the nucleation
proces$. Concerning the natural incorporation of carbonate ions in the apatite lattice
during itsin-situ synthesis, two cases can be distinguished: when carbonate ions replace
tetrahedral RO, sites (leading to the soalled Btype carbonation) and when carbonate
groups occupy OH positions-{ype carbonation). In this case we are in the presence of

B-Type carbonation, proved by the bending of the carbonate group at 873instead



of 880 cni*, typical for the Atype carbonatioH®. A proof of the chemical interaction
between MgHA and gelatin molecules into the MgHA/Gehposite comes from the

shift of the band corresponding to the stretching @@OO group of gelatin from 1340
cmt to 1338 cnit MY(Fig. 4.8).

Finally typial alginate absorption bands which can be detected into the composite are
at 1417 cnfi* (which added to the gelatin band results in an single broader band at 1421
cmtY), 1097 critt and 819 crit, related to¢COO stretching, C=0 stretching and mann
ronic acidresidues respectively, while the peak related to guluronic acid residues are
covered byhydroxyapatite stronger banf§’. The coordination of the Géinto the dgi-

nate structure is proved by the shift from 1127 ¢io 1028 cni of the frequency e-
garding the €O stretching oboth alcoholic and ether groupdand by the shift of the
band due tocCOO stretching symmetric motion from 141011417 crit*? (Fig. 4.€).

4.1.2.4 Scanning Electron Microscopy Analysis

Scaffold morphology determination was carried out by scanning electron microscope.

SEM imges at low magnification (Fig. A5B) show achannélA 1 S & (i NHzO( dzNB | &
to see from the cross and longitudinal section of the scaffold. At medium magnification

(Figh/ = 50 A0Q&a Ll2aaAiroftsS (G2 aSS (wEenRmandSyarzya
130 um. The SEM image at high magnificafieiy. 4.&) shows, instead, the structural

interaction between the MgHA/Gel composite and the alginate: the mineralized powder

(showed in detail in Fig.5F) result completely incorporated into treginate structure,

and this well integration permits the good stability of the scaffold wiloks not crun-

ble evenones ptted in water. In comparison with the finalentin-like scaffold, in Fig.

45G and Fig. 45 A (1 Qa é&de2any longitkdBalestion of the not mineralized

scaffold Gel/Alg. Thporesresult notarranged inongitudinal channeland the surfaces

of the materialare much moresmoothcompared tathose of the mineralized material.
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Figure4.5 SEM images of MgHA/G€Alg longitudinal (A,C) and cross section (B, D) at 100x (A,
B) and 500x magification (C, D). Detail ahe morphological featureof MgHA/Gel+Alg (E) and
MgHA/Gelparticle (F). @mparison with longitudinal (G) and cross section (H) of not mirlera

ized GelAlg scaffoldas 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 co
structing the mineral phase of hybrid matesaln Tab4.1 are shown the most sigmif
cant data from the results of this analysis. For the intermediate material MgHA/Gel and

for the final material MgHA/Gel+Alg.

(Mg+Ca)/P  Ca/P Mg/Ca P Ca Mg
Materials

(mol) (mol) (mol) (Wt%) (Wt%) (wWt%)
MgHA/Gel 1,69+0,02 1,64+003 35+03 144+03 304+04 0,60+0,02

MgHA/Gel+Alg 1,92+0,02 187+005 3002 146+03 347+05 0,59+0,03

Table4.1 ICP features of MgHA/Gel and MgHA/Gel+Alg composites.

About MgHA/Gel composite the (Ca+Fe)/P moktio is very close to the hydroxga

atite theoretical one (Ca/P = 1,68 mol), confirming the effective replacement of calcium



A2ya gAGK YIF3AYySaAadzy A2yad . SaARSa AdQa LkRaa
ions detected by ICP is quite lower than themboal one fixed for the synthesis (Ca/Mg

= 5% mol) but according to the composition of natural dentin. Se@aveconclude that

the mineralization of gelatin with magnesiusubstituted hydroxyapatite was condtic

ed effectively.

Comparing the results for MgiBel and MgHA/Gel+Algias observedan increaseof

calcium because of #t reacted with thealginate matrixduring the crossinking poocess

| 26 SOSNE O2yaARSNAYy3I GKS dzy OKIFy3ISR BkY2dzyi 2°
sible to deduce thathe amount of lydroxyapatite inMgHA/Gel+Alg is no different

compared to MgHA/Gedo 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. Thism&stcrucial for
GKS YIFIOGSNALFE aStSOGAy3a 06SOFdzaS AGQa Fdzy Rl YS)

scaffold degrades before the complete tissue rebuilding.
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Figure4.6 Degradation weight loss for different dentifike scaffolds

Fig. 4.6shows thedegradation weight loss for four of the best materials developed as

dentin-like scaffold: MgHA/Gel+Alg, MgHA/Gel(*2)+Alg(¥2), MgHA/Gel+Gel and
MgHA/Alg+AlgL 6 Q& Sl aeé G2 &aSS GKIFIG 2yteée GKS a3l !kl
properties to be implanted andot constitute a valid support for cells proliferatiore-b

cause MgHA/Gel+Gel and MgHA/AIg+Alg, which had seemed promising, degraded in

less than a week in PBS at 37° C and MgHA/Gel(*2)+Alg(¥2) shows an abundant and
steady degradation. Instd, after an initialoss of Bowt, MgHA/Gel+Alg is stable for

more than three weeks.
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Figure4.7 Swelling degree for MgHA/Gel+Alg scaffold

Swelling and water uptake properties are fundamental for the regenerative proeess b
cause the penetration of body fluids into the scafif@llows the proliferation and su

vival of the cellsFig. 4.7shows the swelling degree of the MgHA/Gel+Alg composite in
physical conditions. Thanks to its high porosity, after 10 hours in PBS at 37° Cfthe sca
fold is able to uptake close to 900% of iteight of fluid.

4.1.3 Biological characterization

4.1.3.1 Cell viability assay



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
AGQa LI2aairof S wélapreadssgn the thdie ista§dod calhasidtiSco-
trariwise into the notmineralized 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 shay 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 fo
mation of focal contacts and spreading), the caBsally do not survive®. The chemical
composition and the aligned porosity of tmeineralizedscaffold resulted suitable for a
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well-spread cell covered surfaces. Negative results were showed by GEFRiglgl.8)

confirming the mineralized component is very important in 3D MSCs adhesion.

Another important aspect is the scaffold colonizatiewen in Fig. 48 1 Qa LJ2aaAot S
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. Themmeralized Gel+Alg scaffold,

instead, showed few cells compared to its mineralized counterpart.
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Figure4.8Cell vidility of cellseed MgHA/Gel+alg and Gel+Alg scaffols analyzed by the

Live/Dead assayThe gale barismn n > Y

M Pressure _ ——50.0pm——
0.8 mm|12

Figure4.9 SEM images of mMSC grown on MgHA/Gel+Alg (left) and Gel/Alg (right) samples
after 21 days from seeding. Cell are marked by thecavs.

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 bydirect contact

Also quantitative tests regarding the biological evaluation of medical dewees con-
ducted; according to 1ISO 10988° 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




Table4.2 Biological evaluation of cytotoxicityf intermediate and final materials for dentin

like scaffold

As indicated in Tab. 2, starting, intermediate and final materials result not cytotoxic
duringin vitro tests. These data confirm the resufigeviously obtained by the quadit

tive Live&Dead test so MgHA/Gel+Alg results suitable for medical applications.

4.1.4 Conclusion

MgHA/Gelcomposite was prepared through a biologically inspired mineralization pr
cess, with the purpose of create a lowasb 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 freedeying process, a channel like structure,

obtaining a morphological high micry of the natural dentin.

The results obtainedby the TGA, XRD and ICP show that the material has properichem
cal features and by SEM images it was possible to know that a correct morphology was
reached. By swelling and degradation test, simulating thedy environment,
MgHA/Gel+Algnaterial was chosen as the most promising for the regeneration of de

tin tissue because of its good resistance.. Its-dmmpatibility and cells proliferation

were establishedhroughin vitroinvestigations.

These positiveesults constitute the necessary prerequisites for further biologit&ivo
investigations into the potential application t@mineralisation process the dentin

cavities left by caries






4.2 Periodontal apparatus: alveolar bone

In this section lghly porous and magnetic collagbéased scaffold was used as replacing
material for alveolar bone. The process was directed to heterogengougleate 8-
perparamagnetic irorsubstituted hydroxyapatit¢FeHA)articles on collagen metules,

so to obtainhybrid magnetic composites. For this purpose both ferrous and ferric ions
were introduced in form of soluble iron salts during the -mneralization process; in
this way the of specific calcium crystallographic sites with a specific coordif&ttmn

iron ions generates in the HA lattice two different daktices whose interaction induces

a magnetic Bhavior nto the mineral phase”.

As previously explained, a bmimetic mineralization requires that the apatite phase is
directly nucleated into and onto tlagen fibrilsduring their seHassemblingexploiting
their pH-dependent fibratio®. Guidance of chemical features and spatially canfin
ment imposed by polymeric matrix leads a wide nucleation sites but a limited growth of

inorganic nuclei achieving amorphous and named crysls.

The obtained constructs was stabilized by cHisising procedures, in order either to
make the hybrid composite more resistant towards physiological fluids andrbmsion
and thus mechanical propertieBinally, by means dfeezedryingprocessan organia-
tion of compositefibers into threedimensional networks occurebtaininga material

with pore sizeand distributionsuitable for cells colonization.

4.2.1 Synthesis process

The magnetic composite was synthesd following a biologically isred approact®.
In order to obtan scaffold mimikingthe chemical composition of bone, the weight

ratio between mineral and organic phassas 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 entihe HA structure in two different coordination



position and induce the superparamagnetism: actually the acetic acid present in the
collagen gel suspension would have oxidiZ& fee F€"*. In order to avoid the oxidation

a NaOH 0.1M solution wakoppedon 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 ofRf) 0.083M solutionwhich allowsthe cad-

lagen disassemblylhis dispesion was then dropped in a Ca(@K)spension (2.71 g in

500 mL of distilled water) previously enriched with G&EELO (0.689 g in 25 mL ofddi

tiled water) and Fe@bH,O (0.956 g in 25 mL of distilled water) to yield a FeHA/Coll
composite material inte 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 F&'/Fe** equal to1:1%%. In such conditions, seifssembly and setirganization of

the polymer fibrils as well as the heterogeneous nucleation of HA fcaysials will be
simultaneous} induced. The drogvise addition procedure was performed under ma

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.

Figure4.10FeHA/Coll alveolabonelike scaffold brownish scaffold attached to the magngt

compared with a not magnetic HA/Coll scaffold (the white one)

After the synthesis the mineralized collagen washed placing it 3 times in fresked

ionized waterand filtered by a metallics#S o6pn >YO0® LYy GKA&a gl & S
bigger mineralized fibrous fraction from hydroxyapatite not attached to the orgamic m

trix and the denaturated fibers which could be created due to warming, both of which

can pass through the sieve. The latpart of the material was crodmkedfor 48 h at



25 °Cadding a % w/w genipinaqueous solution, setting up @enipin/collagen ratio
equal to 2wt%, so washed with deionized water from the residual unreacted eross
linker. The material was finally pouredtd 24-wells celculture multiwell plates and

freezedried.

The synthesis temperaturduring the biemineralization proceswhich leads to the ra-
terial with the best performancecalledFeHA/Collwas found to be 40C, but others
two different temperaures, as comparingyere investigated25 and 50°C) and the re

spective synthesis products were called FeHA/@Bland FeHA/Coll50.

For the stabilization of magnetic biohytirFeHA/Coll scaffolds five othersosslinking
methods was testeda genipin/collagen ratio equal to Wwt% for 48 h at 25 °Ca
BDDGHJollagen ratio equal to wt%for 48h at 25 °(21], a BDDGEbllagen ratio equal
to 2wt%for 48h at 25 °Ca ribosécollagen ratio equal td wt%for 24 h at 25 °€? and

a ribosécollagen ratio equal to ¥vt% for 24 h at 25 °CRespective synthesis products
were called FeHEoll_genl, FeHAColl_BDD1, FeHAColl_BDD2, FeHAColl_ribl,
FeHAColl_rib2

4.2.2 Chemiephysical characterization
4.2.2.1 ThermaRAnalysis

Thermogravimetric investigations were carried out the FeHA/Coll samples symth

tized at the three different temperatures (25, 40 and 50°C). fEselt curve (TG) and its
derivative (DTG) are shown in Fig. 4.11 and show three distinct weight loss. The first
weight loss, of about8%, is observed in the range of-560 °C andelatedto the loss

of water of hydration of collagen; the second and tmest plentifulloss of weight is
between 210 and 430 °C, due to the thermal degradation of coll&8efihe process of
thermal decomposition is completed between 6000°C with the final combustion of

organic residues and with an overall decrease of about 41, 45 and 53% of weigld-respe



tively for FeHA/Coll25, FeHA/Coll and FeHA/CdD. Aboutthe mineralizatiorextent in
the scaffolds, thenorganic phase was found to be in the rargfé&1b62 wt% instead of
the nominalhydroxyapatitécollagenratio of 70/30 wt%.The discrepanchetween the
nominal and the real composition of theaterialscan be assigned to the reaction yigl
which does not reaci00% Moreover the amount of mineral phase into the thred-di
fer materials are slightly different and decrease with the increasing of the temperature
of the synthesis (62%, 60% and 51%). This efgcbbably due to the partial deatura-
tion of the polymerat higher temperatureas well aghe increase in its nanassembly
trigger to a reduction in thealciumandiron ionsbindind®?, whereas at low tempes-
tures the availabilityof the nucleation sites on collagen is highkris well known that
the temperature of thermal dnaturationof the collagerstrongly depends onis degree

of crosslinking between the chaiffs2®.
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Figure4.11 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, FeHAfawlll and the not craslinked
one (FeHA/Coll_NChje shown in Fig. 4.12. Win the temperature range from 30 to



about 130 °Gi broad endothermal peak appears in each sampiés peak is known to
be associated witlthe denaturation of collagen structure, with a simultaneoans-

formation from triple helical to random coil of collagéfh and isconnected with mass
decrement,as is seen in TQuwes whereasthe breakage of interand intramolecular

hydrogen bondsllow therelease of bound waté®.

The maximum of the peak focrosslinked compositescompared tothe one of not
crosslinked are significantly shifted to the regio of higher temperatureg91,2 °C,

93,0 °C and 98,4 °C respectively for FeHA/Coll_NCL, FeHA/Coll_genl and FeHA/Coll)
Thereby, the obtained results indicate thatosslinking process induceplartial changes

in the structure of collagenfibers, because dthe thermal stability ofsecondary stro-

ture of reticulatedsamples increasedNe could conclude that the cre$eking proces-

es has been successfahd that the reticulation between chains occurréml a greater

extent with increasin@f crosslinker amount.
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Figure 4.2 Differential Scanning Calorimetryfd-eHA/Coll_NCL, FeHA/Coll_genl and
FeHA/Coll

4.2.2.2 X-Ray Diffraction



XRD diffractogram of the FeHA/Coll_25, FeHA/Coll and FeHA/Coll_50, shown in Fig. 4.13,
display the typical shape ascribableaaalcium phosphate phase with the cheteistic

broad peaks of nanarystalline apatite with very low coherent lendfi, since the n-
teraction with the organic template confined the mineral nuclei growth at the nano
scalé*t. The presence of ionic substitutions in the apatite structure, which isnacco
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.
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netite or maghemite, even at synthesis temperatures of 50°C, where the magnetite and
maghemite formation is favoréd. This progress has been achieved slowing down the

biomineralization reaction thanks to the slow addiction of collagen and iron ions during

the reaction.
FeHA/Coll50
p
FeHA/Coll
FeHA/Coll25
0 3% w0 s &

Position, 2d (°)
Figure 4.1XRD spectra of FeHA/Coll scaffolds synthetized at 25°C (FeHA/Coll_25), 40°C
(FeHA/Coll) and 50°C (FeHA/Coll_50).



4.2.2.3 FourierTransform Infrared Spectroscopy

Fourier transform infraredspectrumof the FeHA/Collcomposite compaed with the
pure collagen and FeHA spectra, is shown in Fig. 4.14A. The typical bands relagive to h
droxyapatitd” are clearly visible in FeHA/Coll spectrum, intipalar the bands al.032,

565, and 601 ch.

Al
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Figured4.14 A: FTIR analysis éfeHA/Coll compared with pure collagen and FeHA
B: Detailof FeHA/Coll_25, FeHA and FeHA sh@ctrafrom 1200 to 40Gcm™.

The resolution of thdandsrelative to hydroxgpatite is low and decreasesa function
of the temperature of the biemineralization. These effects indicate that the mineral
phase nucleated on collagen fibers is rminichiometric and itcrystallinitydegree a-

crease with the synthesis temperatld8,

4.2.2.4 Scanning Electron Microscopy

SEM images of freeatried FeHA/Coll composite (8, C) and a comparison with not
mineralized collagen (D) are shown in Fig. 4.15. The morphology of the hybrid composite
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quite amorphous apatite crystals cover complgtehe collagen fibers (Fig. 4.15B, C).

The freezedrying process, instead, allows to achieve a porous material characterized by

an architecture with a 3D network of maerand micreporosity (Fig. 4.15A, B), to favor

cells adhesion and proliferation. Coarnng the mineralized scaffold (Fig. 4.15B) and the
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during the seHassembling of collagen, allow a nucleation and growth of hydroxyapatite

crystalsnot only inside theibers?®, but alsoexternally, obtaining rough surfaces.

’Z\CCV Spot Magn WD

. 2 um

Figure4.15SEM images dfeHA/Collat 100x (A)and 8000x magnification (B). Detail of ma-
phological featureof mineralized FeHA/Coll fiber at 30000x magnification) @hdcomparison

with pure freezedried collagen at 4000x magnification (D).

4.2.2.5 Inductively Coupled Plasma Atomic Emission Spectroscopy



A chemical compositioanalysis of the mineral phase of the composites FeHA/Coll_25,

FeHA/Coll and FeHA/Coll_50 was conducted by ICP. In Talve4Bown the most gt

nificant data from the results of this analysis.

(FetCa)/P Fe/Ca Féd (FeiCa
Materials
(mol) (mol%) (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+ 0,02 215+0,6 17,66 + 0,03
FeHA/Coll_50 1,37+0,00 1,69 + 0,08 22,84 +0,3 18,59 + 0,01

Table4.3ICP features ofFeHA/Coll_25, FeHA and FeHA_&impasites.

The(Ca+Fe)/P molar ratiesultsvery close to the hydroxyapatite theoretical ofa all
the three compositesconfirming the effective replacement of calcium ions wiitbn
ionsat all the synthesis temperature testethe amount ofiron ionsrespect to the sum
of all cations present in the mineral phagequite lower respect to thenominal one
fixed for the synthesi§Fd Ca=20 mob4) 0 dzibssiblé t@oncludethat the reaction
of iron-dopinghas taken place efficientlyrhe increasing of hamount of ironwith the
increasingof the temperatureindicate that the higher temperature favors the reptac

ment of iron ions instead of calcium.

4.2.2.6 Swelling and degradation test

The degradation testfor several hybrid scaffolds is shown in FégRuring this test the
FeHA/Coll_25, FeHA/Coll and FeHA/Coll_50 was tested (Fig. 4.16A), but also FeHA/Coll

not crosslinked (FeHA/Coll_NCLHeHAColl_gen4,FeHAColl_BDD2FeHAColl_BDD4,
FeHAColl_rib2 and~eHAColl_rib4 (Fig. 4.16B), in order &staldish whether the cross

linkingwas effective From te degradation behavior test as a function of the synthesis
G§SYLISNY GdzNBE 6CAI® nomc! 0 AdQa LRRaarofsS (2 a
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during the testing time with the increasing of theaction temperature. This resulini



plies that a biemineralization at temperatures higher than the physiological one could
denature and degrade the collagen fibffswhich have more difficultieso assembly

into stable and strong fibers.

About the degradation test regarding the not crdssced material (FeHA/Coll_NCL) and
the same matrial with different kind and amount of crod¢isking agents (Fig. 4.16B), 2%
wt of genipin compared to collagen (FeHA/Coll) results the best dirdsag condtion

for mineralized collagen. In fact after three weeks into simulated body condition the
scafold weight loss is stable and less than 15%. This effect is probably due poofie
erties of the genipin as crodisker: unlike the BDDGHBenipin dimerization sulesjuent

to collagen binding can lead to an intermolecular and intramolecular crosslimietig

work thanks to its cyclic structure within collagen fid&#s
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Figure4.16 Degradationweight loss for alveolar bondike scaffolds (FeHA/Coll) synthetized at

various temperatures (A) and stabilized with various kind and amount of ciadeers (B).

Swelling propertiesvas tested for the sampledeemed suitable after théiodegradal

ity test: FeHAColl_25 and FeHA/Coll (Fig.17A) in order to observe the swelling-diffe
ence according to thesynthesistemperature but also FeHA/Coll not creleked
(FeHA/Coll_NCL}eHAColl_gen4,FeHAColl_BDD2 FeHAColl_BDD4 FeHAColl_rib2
andFeHAColl_rib4 (Fig4.17B), foestablish thebestcrosslinkingcondition for empla-
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sis temperature affects the hydration time, but after 24 hoind?BS at 37 Cthe two

samples show aut the same swelling degree (485% for FeHA/Coll and 477% for
FeHA/Coll_25).
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Figure4.17 Swelling degree for alveolar bonkke scaffolds synthetized at various tempeer

tures (A) and stabilized with various kind and amount of crdisgkers (B).

About changes regardinipe differentcros€ Ay {1 Ay 3 YSGiK2RazX AidQa
samples have a very close swelling degree after 24 hours, between 495 and 485%, e
cept for the material crosnked with ribose with a collagen/ribose ratio of 28w

which show a lower swelling degree, 473%.

4.2.2.7 Magnetic susceptibility

L2 a



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. $he mea
ured black curves can be decomposed into two principal components, explained in the
FeHA/Coll curvea linear partwhich representghe susceptibilityand aSshaped co-

ponent, a sign of ferromagnetism or superparamagnetiém

Susceptibility Superparamagnetic
Materials
[emu/(g-T] saturatedmoment
[emu/d]
FeHA/Coll_25 0.134 Fon
FeHA/Coll 0.125 05
FeHA/Coll_50 0.091 0.3

Table4.4 Magneticfeatures ofFeHA/Coll_25, FeHBoll and FeHAColl_50 composites.

It is apparent that the paramagnetic contribution is almost identical fothame sam-
plesand dl the materials show ahost no hysteresis at zero field, which is an indicator
for absence of ferromagnetisnThis can be interpreted so that the content of the gar
magnetic material is the same in all materials, so that such paramagnetism lw®aid
intrinsic property of FEIAwhatever its synthesis temperature. Thaperparanagnetism
behavior, instead, is broaderwith respect to FeHA/Coll (0.51 emu/g at /T8sserfor
FeHA/Coll_50 (0.33 emu/g at 7&ind practically nonastent for FeHA/Coll_25 since

such a linear curve shaps typical for materials withouduperparamagneticontent

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 magnetizatio 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 thgsusce

tibility values (Tab. 4.4), which decrease at higher temperature.



In the field of magnetic implants smalker magneticfield is applied, aboud.1T?, and
so low applied magnetic fiemyould not magnetizéhe FeHA/Coll_25 and FeHA/Coll_50
scaffolds ery strongly Therefore, in orderto have the more apparent effect of magne

izationFeHA/Colis themost performing material.
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Figure4.18 Magnetization curve of FeHA/Coll_25 (A), FeHA/Coll (B) and FeHA&ID(C).
Black line: measured curves; blue line: paramagnetic (rsaturating) contribution;

red line: superparamagnetic (saturating) contributions.



4.3 Periodontal apparatus: periodontal ligament

This part of PhD project deals witbllagenbased saffold used as replacing material for
periodontal ligament, the central portion of the #iayer scaffold mimicking the per
dontal apparatusThe purpose has been tevelop a venhighly porousmembrane in
order to allow an extensive vascularizationtbé tissuebecause the cement depends

metabolically by nutrients that diffuse from the periodontal ligament

The chemical bianimicry of the natural tissue was important as the morphological fe
tures so we selected the type | collagen as base materidghi®iscaffold section andhe
main factor on whictwe focusedhas covered therosslinking of the collagen,iisce the
scaffold must withstand in physiological environmer@noughto allow the cells -

graftment and the deposition of new cellular matrix.

Freezedrying wasfinally used to obtainthe desired structure, with wide and interne

nected pores.

4.3.1 Synthesis process

The nomamineralized section of the ttayered scaffold was produced firstly increasing
the pH of the initial acid suspension of eglén up to 5.5 dropping NaQkb M; this pH
value causes the spontaneotiber formationand precipitation of collagen. The saer
ated collagen fibers was collectedth the aid ofa sieve washedplacing 3 timeswith
fresh deionized wateand then treatedwith BDDGE as cre$isking agentthrough m-
mersion for 24 hours in a crofisker aqueous solutiorof 1% w/w setting up a
BDDGE/Collagen ratio equal to 1 W6 The resulting material wawashed from the

unreacted crosginker residuespoured into 24wells cellculture multiwell plates and

freezedriedd ¢ KS 200G+ AYSR YFGSNRIE gFa ylYSte

al 2t



Figure4.19Coll periodontal ligamenike membrane

About the crosdinking process, five othersrosslinking methods was testeda gen-
ipin/ collagen atio equal to 2wt% for 48 h at 25 °Ca genipirf collagen ratio equal to 1
wt% for 48 h at 25 °Ca BDDGEbllagen ratio equal to ¥t% for 24 h at 25 °Ca ii-
bosd collagen ratio equal td wt%for 24 h at 25 °Gand a ribosécollagen ratio equal to
2wt%for 24h at 25 °CRespective synthesis products were callédll_gen2, Coll_gen1l,
Coll_BDD2, Coll_rib1 and Coll_rib2

4.3.2 Chenual-physical characterization
4.3.2.1 Therral Analysis

The thermal degradation analysis was conductedfreezedried Coll smple and also

no the not crosdinked 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%, duthéobreakageof inter- and
intra-molecular hydrogen bonds acc@anied by gradual loss of wateat 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 lnghe range of

400-660°C, due to the combustion of the organic residues.

CNRY (GKS aSO2yR YR (KS (KANR gliskingeffect £ 23 a S a

on collagenthe crosslinking treatmenshifts bothof degradation temperatureat high-



er values showinghe thermal denaturation

BDDGE crodimking®.

and degradation is hindered ibgreasing
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Figure4.20Thermal decomposition profile (TG) and its derivative (DTQ)aifcrosslinked

collagen (Coll_NCL), collagen crdsged with 1% w/w of BDDGE (Coll) andllagen cross
linked with 2% w/w of BDDGE (Coll_BDD2)

The same result can be inferred by th&TA plots relativeto Coll_ NCL, Coll and

Coll_BDD2 shown in Fig. 4.From 30 to about 170 °C the exothermal peak related to

the denaturation of collagen structur@ppears in all the three samples.
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Figure 4.21Differential Thermal Calorimetryf not crosslinked collagen (Coll_NCL), caen
crosslinked with 1% w/w of BDDGE (Coll) andllagen crosdinked with 2% w/w of BDDGE
(Coll_BDD2)

With the increasing of the crodmker agent he maximum of the peakis shifted to
higher temperatures 44 °C, 97 °@Gnd 102°Q respectively forColl_NCL, Coll and
Coll_BDD2, salso in this case, therosslinkinghas taken place, improving thteermal

stability of the collagen structure.

4.3.2.2 FourierTransform InfraredSpectroscopy

Figure 4.22/shows the FIR gectra of collagen before and after the crosslinkifge
natural collagen spectris characterized bg broad band at 3454nt* assigned to the
OcH stretching, and a peaks 452 cn* and 1242 cnt?, related respectively t€H and
NH, bendnd®. Peptide group arise in addictidour bands at 3353, 2929, 1651, and
1542 cm™ which are commonly knowasamideA, B, | and II, respectiveljhe amide A
and B bands are mainly associated with the stretcluhdicH groups, the amide | band
is originated from GO stretching vibrations coupled to¢N bending vibraons andhe

amide Il band arises from theqN bending vibrations coupled toc8 stretching viba-

tions=®!,
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Figure4.22A: FTIR analysis @oll compared with Coll_NCL.
B: Detailof Coll and Coll_NQipectrafrom 3800 to 270@&m™.

The intensity of amide AFig. 4.22B) decrease in the spectra of cllodsed collagen,

indicating that the amount ofNH group decreasesAlso he spectral feature of the



amide B(Fig. 4.22Bjvasconsiderably influenced by the creksking, indicating a co-

formational change of the secondasyructure ofcollagenmatrix>".

4.3.2.3 Scanning Electron Microscope

The crosssection morphology of freezedried Coll smple at various magnification is
shown by SEM images in Fig. 4.23; Coll_NCL, Coll_ BDD2, Coll_genl, Coll_gen2, Coll_ribl

and Coll_rib2 are shown as comparison.

The final Coll scaffold owns a homogeneously structure (Fig. 4.23A), with wide and open
porosity0 CA3d® ndHo. 0P LGQa LlaaArofsS (G2 &SS 2yidz
sheets (Fig. 4.23C) and also single fibers with the typical alternating light and dark bands

correspond to the 46hm gaps between pairs of aligned collagen triple helices.
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Figure4.23SEM images ofollat 100x (A)and 500x (B) magnificationDetail of morphological

feature of collagen sheet at 5000x (C) collagen fiber at 50000x (D) and comparison with

Coll_NCL (E), Coll_BDD?2 (F), Coll_genl (G)gé&ua? (H), Coll_rib1 (I) and Coll_rib2 (J).

The collagenscaffold before crosslinking treatments (Fig. 4.23E) show arderly and
regular3D morphology; this effeabccurs becausduring the freezing of freezdrying
process the collagen fibers are nohg¢orporatedinto the solidliquid interface but e-
jected from it*®. This high mobility of the fibers comes from the low assembling of the
material andwhat emerges is thathe collagen ishighly concentrated in the non
crystallized channels betweehe ice crystalsand the pore structure is builup from

parallel collagen layers connected by collagedls.

Regardingthe croskinked collagen (Fig.4.23B, F, G, H, |, J), SEM images sfmvthe
entirety, structures with pores less organized aighter. It is clear that the crosnk
reduced polymer mobilityduring the freezedrying process, sche 3D geonetry arises
fewer and fewer fronthe morphologyimposed by the ice growing during freedgying,
while increaseshe component of themolecule packingesulting from the crosinking
process. Coll and Coll_ribl still show less regular but open porosity awititercon-
nected network of fibrilsColl BDD2, Coll_rih2Coll_genland Coll_gen2how instead
randomand lesgporousstructure. This effecis probably caused bothy the lower va-

ter content of the dispersions before freemeying, but also by the high density of links



between fibers whichnducethem to be combined to form sheet$eading to the fusion
of smaller pore$”. Thus the crosknked collagen fibergesulttoo stiff to be displaced
by the growing of icerystals and they getncapsulated into the solgiquid structure.
Theresultingscaffolds, ones driedshow more sheetlike structures with wide but few

pores.

4.3.2.4 Swelling and degradation test

As previous mentioned, a low degradation degree and high swelling propertiesiare cr
cial in the view of scaffold implantatiobgcause fol successful tissue regeraion the
scaffold has to preserve its structure until cell colonization and museadily perme-

ble by body fluiddor nutrient diffusion and waste removaln order to test thenre-
sistance to degradatiorand them swelling propertiesColl, Coll NCL, {CdBDD2,
Coll_gen1, Coll_gen2, Coll_rib1 and Coll_rib2 was tested in physiological.

The degradation test (Fig. 4.24) shows ths tate of weightoss is higher for not cross
linked collagen, which after 21 days lost about the 8% of its weight, and fiagen
crosslinked with 1% wi/w ratio of ribose (4,1% after 21 days). About the others rrater
als, after an initial and limited weight loss, the scaffaldsain stable until the end of

the test, with a final weight loss between 0.7% and 3%.
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Figure4.24Degradationweight loss for collagen not crodinked and crosdinked in different

ways.

The swelling degree dhe variouscollagenscaffolds change a lot at varying of cress
linking conditions, from about 950 to 600% of them starting weight (regartiaghot
crosslinked scaffold and the scaffold cretisked with 2% w ratio of genipin respectiv
ly). The water uptake abilitpould be attributed to both othe hydrophilicity of the ma-
terial andthe three-dimensionalstructure of the scaffold. Indeed he swelling ratio d-
creasesasthe crosslinking degree is treasesbecause of thalecrease of the hyar
philic group¥®, and becaus¢he melting of the 3D ordered structureill cause there-
duction of the porosity, hence, the volume for watgobrage, leading to the decrease of

the swelling capacit§.

All the scaffold however show a fdsgdration, since after 48 hours reach the plateau.
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Figure4.25Swelling degree for alveolar bonkke scaffolds synthetized at various temper

tures (A) and stabilized with various kind and amount of crdisdkers (B).



4.4 Periodontal apparatus: eceentum

The third layer belonging to the scaffold mimicking the periodontal apparatus ig-repr
sented by the cementunsimilar in structure to bone but is less hagihce itsminerai-
zation degree is about 5Q%\ithin the periodontal apparatushis sectionhas the task

of bindingto 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 atoddo sowe exploited a bidnspired sy-

thesis of hydroxyapatite, in order to create a nstoichiometric nanostructured agbitic

phase, and the electrospinning of a loodible polymer, which enables theqafuction

of mats composed by newoven micrometh O FAOSNARA® Ly GKAa gFe& A
a porous and very thin layer of fibers added with an high amount of the mineral@omp

nent.

In order to rise higher biactivity and biereabsorbability, iron ions was introduced into

the hydroxyapatite celtructure prompting magnetic features.

4.4.1 Synthesis process

The first step in the preparation of the cementtlike scaffold consist in the synthesis of
the magnetic inorganic componenthe synthesis of FeHA powder was carried out by
addingthr iron(lll) chloride hexahydrate solutiofi7.86 g of FegbHO in 75 mL of &

ter) and the iron(ll) chloride tetrahydrate solutiof12.74 g of FeghHO in 75 mL of
water), as sources of Feand Fé" ions respectively, into a suspension of calciuya h
droxide (50g of Ca(OH)in 400 mL of kD) at 40°C. A phosphoric acid solution (44.40 g
of kPG in 300 mL of kD) was then added dropwise into the basic suspension over a

period of 2 h, under constant heating and stirring thanks to a heating mantle ad m



chanical string (Fg. 4.26) During this neutralization process into theaction flaskoH

decreases from 12 to 5.
s
ﬁ - Dropwise dispenser

Termometer

Mechanical In;lr/
\ stirrer

Heating
mantle

Figure 4.26quipment for the synthesis of FeHA powder

The amount of reactants was set up in order to keep the calcium/phosphorus ratio

equal to 1.67, so that a competition between Eaand the substituting ions (Féand

Fe") could be establishedith PQ¥; the total amounts ofron ions with respect taa-

ciumions wereadjusted so as to obtain Fe/Ca=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 andi-centr

fuged The produc A RSy (i A T WaS Bordd at 4°€ @6 & $oléitioh D00 mg/L to

avoid the particles aggregation and, if necessary, fréee2¢h SR I YR aASOSR dzy R



(Fig. 4.27A, BDther two different temperature were investigated for FeHA synthesis,
25°C and 50°C, and the respective products were called FeHA FeHAd 50.

About the production of the finaFeHACAfleeces, firstly thedry FeHA, synthetized as
previously described, was added to the solvent (composed of 80:20 wia- but
none/butanol) under costant magnetic stirring,dllowed by sonication for 30 minutes
and further shaking with vortex mixeAfter this dispersion step, cellulose acetate (CA)
was added in order to obtain a 35%/w. solution of CA respect to the solvent and
CA/FeHA ratio of 1; the mixture was shaken again until the CA dissolved comflately.
fleeces were spufor four consecutive timesn a water soluble P\iil (SOLVY, Gunold;
thickness of 20 umand was treated at 70°C and 200 mbar in a desiccator to remove
residual solvents, especially butanol which cannot evaporates completely diléng
spinning process because of its high boiling pdihe final scaffold (Fig. 4.27) was called
FeHA+CA.
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Figure4.27FeHA powde(fA) and FeHA powdattracted by a magnet(B),
and (C, D) FeHA+CA cementlike scaffold

4.4.2 Chendalphysical characterization
4.4.2.1 Thermogravimetric Analysis

The TGTG curves relative to the FeHA+CA composite are shown in Fig. 4.28. Fhe the
mogravimetric profile shows the degradation of theganic component, with a first
weak but steadyweight lossfrom 60 to 240 °Cdue to the evaporatiorof residual &-
sorbed water, but alsto the degradation of som@ossiblyadditives or contaminants in

the sample The main weight loss, the second, has thenaximum degradation rate at
314°C, and regatke principal thermal degradatioaf the cellulose acetate chain$he

third and final weight loss, with the maximum rate at 358 ¢&@responds to carbonaz

tion of degraded products tash at the end of theanalysis the overall weight loss is
about 509%*. Thetotal residues are about 50% wt, which regard the apatite component

of the composite.
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Figure4.28 Thermal decomposition profile (TG) and its derivative (DTGyeflA+CA scaffald



Thermal analysisgsformed 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 XRay Diffraction

The Xray diffraction patterns of FeHA 25, FeHA and FeHA 50 are shown in Fig. 4.29A
and reveal a lowcrystalline apatit€®, with a crystallinity extenavhich decreases with

decreasing of the synthesis temperature.
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Figure 4.29: 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.
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confirm the substitution of iron ions into the hydroxyapatite lattice at<bdstituting

position and not at cell interstitial position: the replacenteof 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 taktive intensities of

the peak§™ . In all of the samplese presence of iron hampers the crystalline organiz

tion, making peaks broad and lowering the resolutionXRD spectra (the crystallinity

degree is lower than the nesubstituted hydroxyapatite prepared at the same tempe

aturd®y s odzi R2Say Qi Y2RATEe GKS adNHOUGENB 2F

file.



Finally FeHA and FeHA+CA spectra was compared (Fig. 4.29B)ia@dd L2 aaAof S 0
that despite the high content of amorphous cellulose acetate, tHeax diffraction po-
file of FeHA+CA the presencehyidroxyapatite was identifiedith its main peak at 25,7°
and 32,0°.

4.4.2.4 FouriefTransform Infrared Spectrosqy

The FTIR spectra of FetO¥\(Fig. 4.305hows the tyjcal bands of the CA at 34%an™
(attributed to the QH stretching), 2954 and 28&M™ (stretching of €H in CHand CH
groups), 178 and 1651cm™ (symmetric and asymmetric stretching of @z1441 cm™
(bending of Cb) and 1375cm™ (bending of CH**¢!. Additionally, bands of FeHAeb

comes visible arountlo32 cmt?, 604 cnk* and 562cm?*,

lfaz o0& GKS Ce¢Lw aLISOGNHzy 2F G(GKS cCcSi1!'b/ ! Al

into the fibrous CA structure was successful.
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Figure4.30FTIR analysis dfeHA+CA compared with FeHA.



4.4.2.5 Scanning Electron Microscopy

SEM images ofeHA powder and FeHA+CA scaffold at various magnification are shown
in Fig. 4.31.

tF@Ay3 FGdSyaazy G2 GKS CcSI! AYIF3Saszs AdQa L%
by micrometric particle (Fig. 4.31A), which are agglomerate of smaller nanopartgle (Fi

ndom. 0T FTNRY (KSasS AYIr3asSa A0Qa LaarofsS (2

magnetic powder.

From the FeHA+CA (Fig. 4.31C, D) images, instezah be inferred thathe final scé
fold is formed byseverallayers ofmicrometric beadon stringfibers. The fiber surfaces
are rough, a sign thaFeHA iembeddedinto the CA fibers. The mat show a very high
density of very tight poregxactly howwe want to achieve, since the cement is a dense
and avascularized tissue without cells inside. The nfdxsar thickness results 4+3 with

an average porosity of 44+7% of the area, while the average mats thickness is 200+100

; A - B |
AccV  SpotMagn WD —— 1pum AccV  Spot Magn WD F—— 200 nm



Figure4.31SEM images dfeHA at 20000 (A) and 75000x (B) magnificatiommagesof
FeHA+CA at@®x (A)and 5000x (B) magfication.

4.4.2.6 Inductively Coupled Plasma Atomic Emission Spectroscopy

ICPanalysiswas conducted on FeHA tdefine the overall content of Ca, P ak@ con-
structing the mineral phase dfeHA+CA compositdab.4.5 showsthe results of the

analysis

(FetCa)/P Ca/P FeCa Fel/(CatFe
Materials

(mol) (mol) (mol) (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+05 19,0+0,01

FeHA_50 1,70+0,03 1,38+0,03 239+04 19,27+0,03

Table4.5. ICP featues ofFeHA 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 poveaetsghat the e-
placement of the iron has taken place efficiently, becatls®e 96,3%, 90,0% and 89,0%

of the iron nominally introduced as reagent was introduced into the hydroxyapatie la



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 stoichiomelyaroxyapatite (1,68), but

the (Fe+Ca)/P molar ratio is very close to the theoretical value, confirming the eeplac
ment of calcium with ironAs already seen in the compositnalysis, also in mineral
phase synthetized alone, the highest inclusion of il@ms into hydroxyapatite lattice is

reached with the increasing of the synthesis temperature.

4.4.2.7 Swelling and degradation test

Swelling and eégradation tesin physical conditiorwas conductedor FeHA+CA mat and

the results are shown in Fig. 4.and 4.32 respectively.

Regarding the degradation behaviar Q& S & & thg nateliddshows Gikalile
properties to beused as implating material, as in 21 days PBS at 37° Csif@lly stable

with a final weigh loss of about 1%
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Figure4.31Degradationweight loss for the FeHA+CA cementdike layer.

This material shows a poor swelling propertasituptake water onlyup to 93% of its
dry weight, probably due to the low porosityubsince it has to be assembled to other

materials with hitp swelling, cells growth should not be affected.
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Figure4.32Swelling degree for the FeHA+CA cementlike layer.

4.4.2.9 Magnetic susceptibility

The magnetization curves, as saturated moment in function of applied magnetic field for

FeHA, CA and FAHCA 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 s
perparamagnec behavior for FeHA and its composite, since #id pMalue, which ind

cates the amplitude of ysteresis at zerdield, is around 0. Thanks to the quite higimsy
thesis temperature FeHA sample shows a high magnetic value and the mixing with CA
YR (GKS St SOUNRALAYYAY3I LINRPOSaa R2SayQi

show a high value aghagnetization, considering an overall mineral amount of 49%.

FF
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Figure4.33 Superparamagnetic contribution of FeHA+CA and comparison with FeHA and CA

alone.

Superparamagnetic
Materials o1 rated mament M
[emu/g]
FeHA 2.85 0.03
CA -0.06 F on
FeHA+CA 1.09 F oo

Table4.6 Magnetic features ofFeHA/Coll_25, FeHA and FeHA &imposites.

In this way we obtained a fleece with more than double superparamagnetic vatae co
pared to the bondike scaffold with a low amount of mineral phase. An higmagnet-
zation is necessarpecause of the thickness of the layam order to replace the natural
size of the various components of periodontal apparatus, cemenpuovides a lesser

amount of material so a higher magnetic power to reach a suitable signadquired






4.5 Periodontal apparatusassembling process

After the development of all the three single components of the periodalikal sc
fold, the assembling process is crucial in order to create a stable scaffolcstwitly
linked layerss K A OK chdigaeii R

In this view the FeHA/Coll was prepared and spread on a metal plate tailored for the
freezedryer, with a thickness of about 5 mm; the wet Coll was also spread on a mylar
sheet, tipped and then piled up the first laysraking sure thathe two interfacesad-

here perfectly before removing the sheet. Finally the FeHA+CA fleece was pueinto d
ionized water in order to dissolve the PVA foil on which it was electrospun, ane-the
sidual PVA was then removed by purging the composite with pure waieen it was
lyingon a mylar sheet tipped and piled up on the top of the structunaking it adhere

well to the previous layerThis material was then freeziried leaving the mylar sheet

on its top. The obtained material is shown in Fig. 4.34.

Figure4.34 FeHA/Colk Coll¢ FeHA+CA tifiayer scaffold mimicking the periodontal apparatus

4.5.1 Chemcalphysical characterization

45.1.1 Scanning Electron Microscope



