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Aims of the thesis

1 Aims of the thesis

This research work has been carried out in a tigg@neering context
where the microfabrication system, developed andingged in our
laboratories and able to fabricate scaffolding swgp of controlled
geometry represents the core.

Our microfabrication technique makes use of polymsolutions that are
extruded over a platform moving on motorized slidesg three mutually
independent orthogonal directions and following @ec#fic and
predetermined trajectory chosen by the operatohVIBW software
controls and moves the slides, thus allowing theodiion of the extruded
polymer solution filament forming the desired getnyscaffold.

The system is innovative among all the tissue ergging solid free form
(SFF) fabrication techniques already developedsindied, because it can
fabricate reproducible three dimensional (3D) sudf with a well defined
geometry and porosity at micro-scale level. This been achieved by using
3 slides having a resolution up tquin and an extrusion syringe needle with
inner diameter of 6Qm.

Main processing parameters are polymer viscosilige svelocity, and
solution flow rate, and these, together with theirmment conditions,
greatly affect the fabrication process.

Using both synthetic and natural polymers micrafadiron of different
scaffold materials was performed.

Materials were characterized before and after skchffabrication to assess
if any modification occurred; general processingapseters were defined

according to the material utilized.
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Aims of the thesis

Furthermore, preliminaryn vitro cell culture studies were performed on the
microfabricated scaffolds and the relationship leetw cell types and the
microstructure was then considered. In particuleells attachment,
proliferation, and migration inside the microporauatrix were evaluated.
The study was mainly conducted at the Department M#terials
Engineering, University of Trento (ltaly). Part thiis activity was made in
collaboration with Tugba Endogan, a PhD studentfrthe METU -
BIOMAT, Department of Polymer Science and Technglod\nkara
(Turkey), who spent six months in our lab.

In addition to the above activity, during a six rttestage with the Prof.
Dietmar W. Hutmacher at the Queensland University Technology,

Brisbane (Australia), a different microfabricatie@chnique was studied.
Scaffolds made by Fused Deposition Modeling (FDgre cell cultured

over different time points with human osteoblas@ells attachment,
growing and proliferation were measured by imagamglysis techniques
and specific proliferation assays, respectivelyll Calture was performed
by adding to the culture medium supplements; calgunosphate synthesis

and the formation of detachable osteoblast shests iwduced.

In general, the work aimed at investigating how tiie techniques, able to
produce tissue engineering scaffolds with ordetatcire, could assist the

cellular growth and tissue regeneration.

This thesis has been structured with an introdactibere the state of the

art of tissue engineering has been reviewed. Iticodar the relationship

12



Aims of the thesis

between different scaffold structures and morphem@nd tissue types has
been considered.
After the introduction part, the core section igided as:
* PART 1: Scaffold production by microfabrication
o Microfabrication of synthetic polymers (PDLA, PLGA)
o0 Microfabrication of natural polymer (Chitosan)
o Microfabricaiton of chitosan filled with ACP parkes
* PART 2: Fused deposition modelling scaffold for laimosteoblasts

cell culture

13



Background

2 Background

2.1 Tissue engineering

Tissue engineering refers to a field of therapeattidiagnostic products and
processes which are based upon the combinatianimng Icells, engineering
biomaterials and suitable biochemical factors, &stare, improve or
maintain biological functions.

Tissue engineering can be defined as an interdiisary field combining
bioengineering, life science and clinical scierices

MacArthur and Oreffo considered tissue engineeasgunderstanding the
principles of tissue growth, and applying this tooquce functional
replacement tissue for clinical uée'Further descriptions focus on the
principle that the employment of natural biologytbé system will allow
for greater success in developing therapeutic egfieé aimed at the
replacement, repair, maintenance, and/or enhandesh@ssue function.

In other words tissue engineering applies prinsipend methods of
engineering and the life sciences to make clearrdlegionship between
structure and function in normal and pathologicalmmmalian tissues to
finally develop biological substitutes to restommaintain or improve
functiorr.

Actually tissue engineering covers a broader rasfgapplications and it is
closely connected with other fields, i.e. cell splantation that is
transplantation of cells that perform a specifiedbiemical function (e.g., an

artificial pancreas, or an artificial liver).
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The term regenerative medicine is often used symauoggly with tissue

engineering, although those involved in regeneeathedicine place more
emphasis on the use of stem cells to produce &&sue

Generally, tissue engineering revolves around seaf living cell and/or

extracellular matrix (ECM) components in the depet@nt of implantable

parts or devices and in particular one of the naiget of tissue engineering
concerns cell seeding on porous biodegradable &smhmanal scaffolds,

following by implantation of the scaffold into thejured area to provide

regeneration.

2.2 Tissue engineering products

Based on the concept that each tissue is charaateby different functions
and features the tissue-engineering products destigmgly depends on
material properties and on cellular response toctiwsen biomaterials. In
addition, the ability to shape into the suitabléutar level architecture has
to be taken into account and the final architectatest be compatible with
the desired tissue response.

The proper biomaterial selection is assisted byd#helopment of methods
and sophisticated modelling techniques that pepretiction of polymer

properties and cellular response to the materiathSechniques allow a
wide use of biodegradable polymers for tissue ergging applications.

Tissue engineering products can be designed toucbnahduct or block

tissues responses and architectures. Dependingedimal purpose barriers
(membranes or tubes), gels or matrices can be algae!

Membranes are required where cell activity is ndeale one surface of a
device precluding transverse movement of surroundiells onto that

surface. For instance peripheral nerve regenerag®as an axonal growth

15



Background

and at the same time preventing fibroblast activitgt would produce
neural-inhibiting connective tisstieFurthermore, collagen membranes used
in periodontal repairing provide the right envircemh for periodontal
ligament regrowth and attachment but at the same they avoid the
ephitelial ingrowth into the healing site Prevention of post-surgical
adhesion obtained by using hyaluronic acid compsusdnother example
of barrier biomaterials.

Hydrogel biomaterials can encapsulate and represenspecialized
environment for isolated cells. Collagen gels, ifstance, can be used for
the preservation and immunoprotection of xenogaafi homograft cells,
such as hepatocytes, chodrocytes, and islets ofjdrhans, used for
transplantation. Semipermeable gels can be a sufgocells in systems
where cell-cell communication and interaction wstlrrounding tissue has
to be minimized as well as the movement of pepfédtors and nutrients
through the implant. Gels are particularly suitalleapplications such as
bone and cartilage tissue regeneration where theerimla has to be
injectable and polymerization in situ is neeted

Tissue engineering scaffolds or matrices are aroitapt component for
tissue development and their characteristics swiglpae size and the
structure, ordered and regular or randomly disteduare fundamental in
forming tissues with a proper cell morphology, otaion, arrangement of
intercellular material, and the relationship betwedferent cell types.
Besides several techniques have been developedrto Well defined
scaffolds using different kind of biomaterials gritysical characteristics of
the matrices can be varied to maximize cellulartisslie response$™

16



Background

2.3 Scaffolds in tissue engineering

The development of 3D scaffolds, support structoresatrices that induce
cells to form functional tissues, is one of the mnabject of tissue
engineering.

In particular by using scaffolds, transplanted saldn be delivered to a
specific place in a tissue driving the growth oflsénside a desired
anatomic site. Thus scaffolds represent the spaaiable for the tissue to
develop and a physical support for cells growth.

Three dimensionally (3D) porous matrices providenamical and adhesive
support for seeded cells in culture and tissue rawth allowing
vascularisation and shape maintenance duringskeds regeneration.
Mechanical support against compressive or tensilees present inside the
physiological environmental system of the humanybsidould be granted
depending on the tissue the scaffold is designed fo

Enough mechanical strength and stiffness is neédeihitially contrast
wound contraction forces and later to guaranteeréegt reconstruction of
the tissue. For this reason scaffold degradatiofilprmust be designed so
that it can support the tissue formation until m=ate (cells and
extracellular matrix without vascularisation) isveoped™.

Injecting cell suspension without scaffold has beemetime utilized as a
techniqué®* even if it presents the disadvantage that it issqgomplicated
to control the placement of transplanted cells ama$t of the mammalian
cells reveal an anchorage-dependent behaviour fa difficult survive
without a proper adhesion support.

Therefore the primary function of a scaffold istie conduction and thus it

must allow cells attachment, migration onto or witlthe scaffold, cells

17
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proliferation and differentiation. The morphologltbe scaffold should be
designed to be able to guide the formation of #w tissue in terms of pore
size, shape and vascularisation.

Scaffold geometry should also define the spacethaduter shape of the
defect or lack to finally be properly adapted, atsatching the healthy
tissue stiffness and strength while maintaining iaterconnected pore
network for cell migration and nutrient transpadat It must also provide
an environment in which cells can maintain theiepdtype and synthesize
proteins and molecules.

Compatibly to the structure of the tissue scaffadtisuld be designed to
have high porosity, high surface area, fully intemcected geometry,
structural strength and a specific three dimensishape. Besides, scaffold
materials should be biocompatible and biodegradablesorbable so as to
allow replacement by newly formed tissue in longne

A porous structure is usually needed for two aitifunctions. First, pore
channels provide ports of entry for migrating celtdor capillary suction of
blood. Secondly, a large area is available for ifigeand numerous cell
interactions.

In particular microporosity is fundamental for d&gyy ingrowth and cell-
matrix interactions while macroporosity for nuttensupply and waste
removal of cells grown on the scaffold.

It is important to underline that the ideal scaffolesign does not exist but
each tissue requires a specific matrix design wdéfined material
properties.

Finally scaffolds should be manufactured in a rdpoible, controlled and
cost effective fashion with the possibility to inde biological component,

such as cells and grow factors.
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The regeneration steps of a tissue are presentethatically as follow:

- Fabrication of a porous 3D scaffold of a wellidefl geometry and
porosity

- Cell culture of porous scaffold; growth factoende included

- Cell growing, proliferation and differentiatiome tissue formation
while scaffold is degrading

- Culturing and then implanting the scaffold inte tdefect part

It must be considered however, that for regulat@gsons and intrinsic
difficulties associated with the above procedune-geeded scaffolds use
could be limited to specific applications and restd to a few authorized
institutions. This could favour the implant of tigssengineering scaffolds
directly in the body without preseeded cells.

2.4 Polymers in tissue engineering

Various materials have been utilized to produceffaicls for several
applications. The most important one are natural synthetic polymers.
Ceramic materials are also used, particularly imlgoation with polymers
especially in bone tissue applications, thus fognaomposite materials

with improved mechanical and biological properties.

2.4.1 Natural polymers

Naturally-derived polymer materidfs® such as collagen, fibrin,
glycosaminoglycans (GAGs), chitosan, alginates atdrch, can be

extracted from plants, animals or human tissuegy tlexhibit good
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biocompatibility, low toxicity and a low chronicflammatory response but
they can undergo to batch-to-batch variations, tteyw a short range of
properties and difficult processing.

They can be combined into a composite with oth@¢urah materials or

synthetic materials and can be degraded by natuoaiturring enzymes.
Disadvantages include poor mechanical propertiesthay often require
chemical modification to increase strength such casss-linking by

dehydrative methods or chemical methods (glutayalee

2.4.1.1 Collagen

An example of a commonly used natural materiabitagen. Collagen is a
major protein of the extracellular matrix, which & component of
connective tissues and can provide mechanical sypt@refore it is a

fibrous protein with a long, stiff, triple-strandé&elical structure. There are
three main collagen types: type | (in skin and BYptyge Il (cartilage), type
[l (blood vessels walls).

It is possible to built porous collagen scaffoldg freezing a dilute

suspension and then inducing sublimation of thecrgstals by exposure to
a low temperature vacuum.

Clinical applications of collagen scaffolds are Hig relevant to

otorhinolaryngological practice. These include thanufacture of sutures,
haemostatic agents (powder, sponge, fleece), bloeskels (extruded
collagen tubes) tendons and ligaments, dermal exgton for burn

treatment and peripheral nerve regeneration (porcoflagen-GAG

copolymery>1720
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2.4.1.2 Chitosan

Chitosan is the N-deacetylated derivative of chigéimatural polysaccharide
commonly located in the exoskeleton of crustacemasinsects?*

It is a linear polysaccharide composed@dfL-4) linked D-glucosamine with
randomly dispersed N-acetyl-D-glycosamine groups.

Chitosan can undergo to degradation by enzymes asiathitosanase and
lysozyme.

There is a big concern around this natural polymetissue engineering
field because it is a well tolerant implant materiamon-antigenic,
biodegradable and it has good structural proper@égosan biodegradation
rate depends on the amount of residual acetyl ogntihat is the
deacetylation degré& Molecular weight and deacetylation degree affect
physical and mechanical properties of the polyfifer

Chitosan is insoluble above PH 7 and soluble bédW5; it can be gelled
into strong fibers when PH is enough high. Hydregeln also be produced
by either ionic bonding or covalent cross-linkingjng cross-linking agents
such as glutaraldehyde.

Chitosan can be formed into membranes and matigcdssue engineering
applications. Biological evaluations by colturingepatocyte cells on
chitosan scaffold show how cells maintain their phmiogy once seeded;
metabolic activities, such as albumin secretion amela synthesis, are
present as well.

Chitosan material has also been used to produd®lsisafor bone tissue

regeneration and to support chondrocyte attacharehgrowth.
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Figure 2.1. Deacetylation of chitin by NaOH andtesan formation

2.4.1.3 Glycosaminoglycan

Glycosaminoglycan(GAGs) are glycoproteins widely present inside the
ECM of the bodymany studies have proved the success of combink@ G
and collagen to form a nanofibrous scafféld&

GAGs are long chain not branched consisting of atisaride units
containing carboxylic and/or sulfate ester groupat are functional groups
able to bridge and link collagens to finally constr interpenetrating
networks of extracellular matrix (ECM).

Hyaluronic acid is a fundamental compound of cohigectissues in
mammals and represents the most common GAG; it nisaaionic
polysaccharide with repeating disaccharide unitdNedcetylglucosamine
and glucoronic acid, with unbranched units rangirgm 500 to several
thousands.

It has a extremely high water-binding capacity atildite solutions of
hyluronic acid show high viscosity values.

Hyaluronan is naturally found in many tissues oé thody, i.e. skin,
cartilage and the vitreous humor and it is paréidyl used in biomedical
applications according to these tissues. It has lbsed during eye surgery
since 1976 and later to treat osteoarthritis ofkheé’. In addition, in the

form of gels and films it can be utilized to prevpostsurgical adhesi6h
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Recent studies show how hyaluronic acid can be asestaffold material to
support chondrocyte growth similar applications for bone tissue
regeneration have also been consid&red

Hyaluronic acid derives from natural sources, sashrooster combs, or

from microbial fermentation and it is quite easydolate and modify.

2.4.1.4 Silk Fibroin

Silks are fibrous proteins having interesting prtips produced in fiber
form by silkkworms and spiders. Sutures producedsibly fibers material
have been widely used for centuries. Recentlyistaftom regenerated silk
solutions a variety of biomaterials, such as gefgmnges and films have
been produced for medical applications.

In particular silks from silkworms (e.g., Bombyx mcdhave been explored
to evidence possible usages as biomaterials aogprdo different
applicationd'* furthermore several processing mechanisms haen be
developed.

In general silk fibroin materials exhibit a goodo@mmpatibility able to

support the growth of human cells.

2.4.1.5Agarose

Agarose is a polysaccharide polymer extracted fabgae and it is widely
used in various fields of biomedical research, ipaldrly in tissue culture
systems because it permits cells to growth insidéhrae-dimensional
suspension. Its molecular structure is composeahbgiternating copolymer
linkage of 1,4-linked, 3-6 anhydm-galactose and 1,3-likefgHD-galactose

and due to its high amount of hydroxyl groups gules very soluble in
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water. A double helix structure is formed by int#i@an of two agarose
chains by hydrogen bonds. Agarose material undsergoe enzymatic

degradation by agaroses and properties of agaelse aspecially strength
and permeability, depend on concentration of agaros

Agarose gels are particularly important in the aapion of tissue

engineering concepts as regard to cartilage rdgsiause it supports the

cartilage phenotype as well as nerve regeneration

2.4.1.6 Alginate

Alginate is a naturally derived polysaccharide tisahbundant in cell walls
of brown algae. As for agarose it shows a very lsigiability in water. It is
a polyanion composed of two repeating monomer uf3-mannuronate
(M) anda-L-guluronate (G). Physical and mechanical propsrof alginate
are highly related to the guluronate block, in terof chain length and
proportions, that is present inside the polymer.

Alginate has an electrolytic nature and it hasekeusive property of being
able to form a gel in the presence of certain @natations (e.g., calcium,
strontium, or barium); for the same reason algimgls can be solubilized
when cations are removed.

Alginate has been used for tissue engineeringadaify and different cell
types have shown to keep their morphology once dntact with the
material.

Alginate sponges have been used for fibroblasts adture* and cell
adhesion was found to be non dependent on scaftolusity; besides while
chondrocytes could proliferate and express typmllagen once embedded

in alginate matrix. Hepatocytes were also seededalginate porous
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scaffolds where albumin was found to be secretedo@ index of cell

functionality®.

2.4.2 Synthetic polymers

Biodegradable polymers which are chemically synieesare widely used
as scaffold materials in tissue engineering bec#usg typically offer an
high versatility, stable properties and good woikigt3°.

Therefore tailing synthetic polymers is easier caregd to natural polymers
and a wider range of shape and properties can tagned; furthermore the
final result is more predictable and the scaff@dsmore uniform
Degradation rate of scaffolds can be adapted tspleeific applications by
selecting specific polymers, copolymers or blerMest of these polymers
undergo to a simple hydrolytic degradation.

However, biocompatibility of synthetic polymers generally lower then
natural polymers. For acidic degradation produut) local concentrations
of these products can affect cell growth on thdfsltks in vitro and cause
inflammatory responseas vivo.

Among these bioresorbable polymers, the most usedcaffolds are
poly(glycolic acid) (PGA), poly(lactic acid) (PLAQr their copolymers or
blends as well as the aliphatic polyester polyckagtone (PCL).

2.4.2.1 Poly(glycolic acid), poly(lactic acid) and copolymers

Poly (@-hydroxyacids) are bioabsorbable synthetic polymadely known,
studied and successfully employed as tissue engngescaffolds for cell

transplantation and tissue regeneration. The holyoes poly(glycolic
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acid) (PGA) and poly (lactic acid) (PLA) and theapolymers (PLGA), are
all poly (o-hydroxyacids)®3"*°

it I
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Figure 2.2. Chemical formula of PLA (A), PGA (B)dnopolymer PLGA (C)

These linear aliphatic polyesters degrade by hydi®land the degradation
rate of these polymers depends on configuratiarcstre, initial molecular
weight, exposed surface area, crystallinity, segssamount of residual
monomer, site of implantation and, in the caseagfotymers, the ratio of
the hydroxy acid monomers.

The poly @-hydroxyacids) polymers have a modest range of ar@chl
properties but and being thermoplastics polymesy ttan easily be shaped
into films, tubes and matrices using standard pmsiog techniques as
molding, extrusion, solvent casting and spin casti@rdered fibers,
meshes, and open-cell foams have been formed fith fué surface area

and cellular requirements of a variety of tissugheeering constructs.
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PGA has the simplest chemical structure, thus & &a high degree of
cristallinity, high melting point and low solubyitiin organic solvents. It has
been widely used as surgical suture materials ama st has a very high
affinity with water, mechanical strength of the wses decreases rapidly
within 4 weeks inside a biological environment.

As shown above (Figure 2.2 A and B), PLA, presentsts chemical
structure an extra methyl group, thus resultingertordrophobic then PGA.
Since degradation is controlled by the degree oéssthat water molecules
have to ester linkages in the polymer chains, Plegrddes at a much
slower rate compare to PGA.

PLA is also more soluble in organic solvents th&AP

Due to the chiral nature of lactic acid, two stésemeric forms are possible
and distinct polymers can be obtained: the twoestegular polymer D-
PLA, L-PLA, and the D,L-PLA. Poly-L-lactide (PLLA)s the product
resulting from the ring-opening polymerization ofidctide; it presents a
cristallinity of about 37% with glass transitiomtperature between 50°C
and 80°C and fusion temperature between 180°C @0tCL Poly-D-lactide
(PDLA) is analogous to PLLA but it is derived fropelymerization of D-
lactide; it exists just at an experimental levelhout practical applications.
Poly-D,L-lactide (PDLLA) is the racemic polymer abt from a mixture of
D- and L-lactic acids; it has an amorphous strgctpresenting a glass
transition temperature at about 60°C.

The degree of crystallinity strongly affects the tevauptake and the
degradation kinetic; consequently, amorphous regiaffer a better
accessibility and mobility to water molecules adeégradation occurs at
higher rate. The less crystalline racemic mixturd-BLA degrades at

higher rate than L-PLA. Differences in cristallyhdlso influence the area of
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applicability field of the polymers and for examp@lemorphous polymers are
usually more suitable for drug delivery applicasowhere it is easier to
homogeneously distribute the active species iniigesupporting matrix
while semicristalline materials have better mect@nproperties and they
are chosen in applications where a structural stipgpoeeded.

Especially in bone tissue regeneration the comisinadf PLA, PGA and
their copolymers together with ceramic materialshsas Bioglass particles
or hydroxyapatite has been considered. These sfillan induce bone
regeneration and at the same time improve the mezdigroperties of the
material. Bioglass patrticles also have been shawangiogenic character.
Biocompatibility plays an important role in the gpand short term success
of all implants; for biodegradable devices it is\damental that both the
implant and its degradation products are biocorbfmtand non-toxic.
These issues have been widely studied for PLA, RG& copolymers and
several publications reported in-vitro and in-vivestudies of
biocompatibility. Some complications have occasligndeen reported
following implantation of PLA-PGA biomaterials andome of these
problems may be attributable to the release ofi@ddgradation products
after material degradation. Nevertheless the ntgjasf clinical studies
citing complications in human due to PLA and PGAplamts report only

soft reactions and suggest non-specific foreigrybredction as the caude

2.4.2.2Polydioxanone (PDS)

Polydioxanone derives from a ring-opening polymegicn of p-dioxanone.
The products of its degradation are particularlyr noxic in-vivo and it

possesses a better flexibility if compared to PGAd aPLA. PDS
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degradation rate is comparable to that of PGA and general faster than
PLA.
Often used combined with others polymers thus fogr@opolymers, PDS

is used to produce suture filaments.

o—H; _—E -

n

Figure 2.3. Chemical formula of PDS

2.4.2.3 Poly(e-caprolactone)

Poly(e-caprolactone) is a biodegradable aliphatic pogrestith important
applications in the field of human therapy, dudtsobiocompatibility and
bioresorbability. PCL has a low melting point atoab 60°C, a glass
transition temperature at -60°C, thus in a rublstaye at room temperature,
and in general a quite high thermal stability (deposition temperature
occurs at 350°C). It is obtain by a ring-openingypweerization of e-
caprolactone using a catalyst such as stannousaatta

PCL can be degraded by hydrolytic mechanism andefiie under
physiological conditior’§*® Enzymatic degradation is also possible under
certain conditions. In general degradation rat® Gt is slower than PGA
and PLA thus resulting more suitable for long témmplantable devices.

PCL can be combined with other biomaterials to foblends ande-

caprolactone can be copolymerized together witkeradifferent monomers.
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Figure 2.4. Chemical formula of PCL

2.4.2.4 Polyurethanes

Polyurethane is a term that comprehend a wide Yawiilthermosetting
polymers in which the polymer chain contains uredsa bonds.
Polyurethanes are produced by the reaction betweeiisocyanate and a
polyol; a segmented block copolymer is then obthirand low-glass
transition temperature segments are combined it fegments.
Polyurethanes possess excellent physical properteesd good
biocompatibility that make them a good choice fdifedent biomedical
applications.

Polyurethanes were first introduced to the meddamlice market in the
earliest ‘50s for foam breast prosthesis and caedicular devices. Since
then, a lot of work and development was done toravep their properties
and biostability.

In general polyurethanes are used as biomateoaldifferent applications
such as pacemaker, lead insulator, catheters, adifitial heart and heart
valves.

To overcome the degradation of polyurethanes, aevesearch groups
have adopted strategies like varying the matehahustry that is altering
the type and ratio of monomers; incorporation alities is also possible.

In particular biodegradable polyurethanes are nfiamhe diisocyanates such
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as lysine-diisocyanate or hexamethylene diisioctgatleat release non toxic
degradation products instead of the conventiorahatic diisocyanates.
Biodegradable polyurethanes have been developedis&ue engineering

applications such as for myocardial repair and wiasdissue&"*>
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Figure 2.5. Chemical formula of polyurethane

2.4.2.5 Poly(ortho Ester)

Poly(ortho Ester) are biodegradable synthetic pelgnthat have the
peculiarity to degrade by surface erosion, a mdsharby which the
material is becoming thinner and thinner rathentheeaking into piece®.
This property is quite interesting for drug-deliyeapplications where the
release results in general more controlled.

Degradation of poly(ortho ester) is via hydrolysied degradation rate
increases with time because the acidic productk \asrcatalysts for the
degradation reaction.

fouomand o
< 2O

Figure 2.6. Chemical formula of poly(ortho ester)
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2.4.2.6 Poly(anhydrides)

Poly(anhydrides) present a excellemvivo biocompatibility and they are
widely used in drug-delivery applicatiof§ in particular different types of
drugs and proteins including insulin, bovine grovictors, angiogenesis
inhibitors, enzymes and anesthetics have been pocated inside

poly(anhydrides) matrices. In particular delivefychemotherapeutic agents

has been highly investigated.
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Figure 2.7. Chemical formula of poly(anhydrides)

2.5 Degradation of Biodegradable Polymers

Applications of biodegradable polymers in medicocwmprise resorbable
surgical sutures, matrices for the controlled meadf drugs, tissue
engineering scaffolds, resorbable orthopaedic @svguch as pins, screws
and plates.

The applicability of biomaterials refers to a brofeld of interest and
several possible applications can be possible.

For this reason the development and the choicaomhditerials requires an
extensive evaluation, in terms of biocompatibilitpgechanical properties
and degradation behavior in order to determine dred certain material is
suitable for a particular application.

In particular, degradation behavior of biomateriaksn follow several

mechanisms and being controlled by different factdinderstanding the
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degradation kinetics of biomaterials is necessarggtimize their possible
usage.

Most biomedical applications require the usageiofiaterials with specific
controlled and predictable degradations kineticss bhad led to research on
the degradation behavior of a variety of biodegbéelpolymers.

The term biodegradation refers to a degradatioruroog in a biological
environment and maybe defined as the “gradual bi®@ak of a material
mediated by a specific biological activify”

Since biodegradable polymers have a temporary ifumctdegradation
should occur as a controlled mechanism; degrad&iietics, evolution of
mechanical properties and evaluation of degradapimducts has to be
taken into account.

Particularly in drug delivery applications, the yroker is required to degrade
following a well defined mass loss profile in ordén release the
encapsulated drugs at specific times.

The degradation of a polymer can occur at diffestatjes depending on its
preparation, processing and storage.

In fact during polymer processing and fabricatimme degradation can
occur affecting also the degradation behavior vivo. If processing
techniques involve high temperature or high shdegsses inside the
material, this may cause degradation of the starfpolymer; on the
contrary, some chain orientation caused by someegsocould alter the
degradation time of the polymer, being the mategeherally more
resistant. Sterilization method may also have dacefon the material
degradation causing crosslinking or polymer chawakage depending on

sterilization system and the polymer properties.
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Regarding the degradation mechanisms occurring tdemals when
exposed to the body fluids the most important oaes oxidation and
hydrolysis.

A biomaterial can degrade by chemical and enzyn@atidation once in
contact with the physiological environm&ht’ During inflammatory
response to foreign materials, inflammatory celisdpce highly reactive
oxygen species, such as suoperoxideg){@ydrogen peroxidase §8,),
nitric oxide (NO) and hypochlorous acid (HOCI), whican cause polymer
chain scission leading to degradation.

On the other hand hydrolitic degradation is thesson of chemical bonds
in the polymer backbone by the attack of water domf oligomers and
monomers. Water attach is directed to water-labdads by either direct
access to the polymer surface or by imbibition® itite polymer matrix
followed by bond hydrolysis.

The hydrophilic or hydrophobic nature of polymenwaterials influences
their degradation rate, which is the chemical s$tm&c of the polymer:
covalent bonds in the backbone and no hydrolysgiadaps require longer
times to degrade.

Enzymes known as hydrolases, such as proteasesasest, glycosidases

and phosphatases, may catalyze hydrolysis reactions

2.6 Process techniques

Traditional scaffold fabrication techniques haveoiwed the production of
porous polymeric matrices as substrate for celpettp adhesion, growth
and subsequently proliferation and differentiation or within their

structure.
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A big variety of matrices has been developed du¢h&large range of
tissues to reproduce and the need to create aeufgorts with different
physical appearance, porosity, permeability, meiciaacharacteristics. The
final purpose is to reproduce a micro- and a maenaronment that mimic
the natural ECM features. Together with the devalemt of advanced
materials and process engineering 3D matrix fommatnd fabrication

techniques have evolved considerably.

A wide variety of techniques commonly used in tesgmgineering generate
scaffolds with non-ordered structure with unpremidé¢ pore sizes and
reduced pore interconnections. Any variation inosay within the 3D

structure cannot be controlled, and mechanicahgtre structural stability
and reproducibility are generally low. Among thesehniques solvent
casting, freeze drying, phase inversion, fiber baompd melt based

technologies, high pressure based methods are dbeused. Recently also
electrospinning technique has widely investigatedptoduce meshes of
nanometric fibres for different tissue engineerapplications(Figure 2.8).

To overcome the limits of these methods, more ieffic technology to

generate complex scaffold structures of desiretifea and solid free-form
fabrication (SFF) or rapid prototyping (RP) techreq have been
developed. These computer controlled techniques a@@nerate

biodegradable polymer scaffolds with designed #echire and shape

complexity’.
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Figure 2.8. Poly Amide 6 electrospun meshes
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Figure 2.9. Silk fibroin and PEG sponge (8 % fibrdi0%w_PEG/w_fibroin) produced by
salt leaching using NaCl (500 — 1180 nm granuloy)&tr

T A e WM L
SRR ’

St ’

solutiorr®

36



Background

Unlike the more traditional techniques, which inlconstant removal of
materials, SFF fabricates scaffolds by selectieelging materials, layer by
layer, as specified by a computer software.

High resolution and reproducibility of the scaffold gained by SFF
techniques. Fused deposition modelling (FDM), thaeeensional printing

(3-DP), selective laser sintering (SLS) and sté@griaphy (SLA) are some
example of rapid prototyping technique.

Novel robotic assembly and automated 3D cell endapen techniques

have been also improved to have the possibilitadd cells during the
scaffold fabricatior?*>

As a result of these technologies, tissue-engingedonstructs can be
contain a controlled spatial distribution of cellspactive molecules and
structural matrices. The combination of these camepts create a scaffold

that promote repair and regeneration of the damagéddliseased tissue.

2.7 Solid Free Form fabrication techniques

2.7.1 Stereolithography (SLA)

Maybe the precursor among all the RP techniques, Sistem makes use
of a UV laser beam to polymerize selectively a ppotymerisable liquid

polymer material. The polymer solidifies from th&tho once in contact with
the beam, at, and just below the surface of thé.b#hbe solidification

process takes place repeatedly layer over layerceCOthe model is
concluded the extra-resin is washed away and theéupt is cured in a UV
oven and finished by smoothing the surface irretida.

Nowadays SLA is used mainly to produce anatomicatiets for surgical

planning and teaching.
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The process, due to curing and shrinkage after-gosiessing, has a low
resolution and, especially in small and intricatbjeots, deformation
phenomena can occr’.

Furthermore only a small amount of biocompatiblelymp@rs can
photopolymerise so being suitable to become adigsigineering scaffold.
Polyethylene glycol (PEG) acrylate, PEG methaceylgiolyvinyl alcohol
(PVA), hyaluronic acid and dextran methacrylatetheemost common.
Micrometric strereolithography can fabricate sclaf$owith micrometric

resolution.

2.7.2 Selective laser sintering (SLS)

This technique applies the use of a CO2 laser dento sinter thin layers
of powdered polymeric materials. The beam can aswethe local
temperature of the polymer and particles can foseach other. The laser
scans over the powder following the cross-sectigmafiles taking by the
slice data and subsequent layers are formed owver ptievious one
introducing extra powder as the preceding layeomapleted.

Simple and linear bulk components can be easilyidated by SLS
technique while sheet-like structures undergo tmkhge.

Ultra high molecular weight polyethylene (UHMWPE3ashbeen used to
produce implants by SLS technique and it has beticenthat degradation
(breakage of molecular chains), oxidation and ctwdsng occurs during
sintering if the starting polymer molecular weiggnot high enough.
Furthermore, calcium phosphate (CaP) material vl un combination

with SLS technique to produce bone implahts
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2.7.3 3D Printing (3DP)

During 3DP process a first layer of polymeric powdke spread over a
deposition base while a inkjet print head depdbiesbinder solution over it;
following, a new layer of powder is spread againtloa previous one and
the printing cycle continues; layers merge togethben fresh binder is
added. At the end of the process the not bondeda epbwder is
removed®®:

The technique has been widely investigated in ispietissue engineering
applications and drug-delivery systems and the majlvantage related to
3DP is the possibility to work inside an ambientiesnment.

Removing the extra powder from complicated shapedehis difficult so
the technique is suitable for easier geometry withaternal holes.

The printer resolution depends on nozzle size anthe degree of control
allowed over the position controller that regulates print head movement.
The layer thickness is determined by powder siz# iangeneral surface
roughness and aggregation properties of the powdmigerials affect the
final resolution.

Natural biopolymers have been used in combinatidh water as a binder
eliminating the problem to use organic solvefitsFurther post processing

step to waterproof the product is obviously neagssa

2.7.4 Shape deposition manufacturing (SDM)

SDM technique makes use of clinical imaging datedwtrol the fabrication
of layered scaffolds by a computer-numerically-colléd cutting machine
83 Addition of cells and growth factors during therge dimensional

scaffold production is provided as well.
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The technique was initially though for bone tisstegeneration and
represents one of the most interesting techniquesng all the assembly
technology-based systems. Osteogenic scaffoldsupeadby SDM based
on blends of polycaprolactone (PCL) and poly-D,ttiide-co-glycolide
(PGLA) together with HA grains have been reporféd During the
manufacturing process, the scaffolds were increaflgribuilt up from thin,
prefabricated cross-sectional layers of foams madsolvent-casting and

salt-leaching process.

2.7.5 Robotic microassembly

The robotic microassembly technique has been stuathid developed at the
National University of Singapor&. The principle which regulates the
robotic microassembly technique is that the finehf®ld structure is

composed by small building block units having afedtdnt design and

previously fabricated via lithography or other noiiabrication techniques.
The blocks are then assembled by using a spec#icigion robotic system
having microgripping capabilities. Finally a scaff® having the desired
material, chemical and physical properties is olgtdi

2.7.6 Microfabrication

The technique aims to produce scaffolds for tissugineering applications
having a micrometric resolution.

Starting from polymer solutions, the extrusion ogeplatform moving in
the three main directions is operated by a microrgg.

Well ordered scaffolds can be produced followinggesss parameters set

through a computer platform and different biomatsrcan be used.
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o

Figure 2.11. Microfabrication system working priplel

2.7.7 Fused deposition modelling (FDM)

FDM is a heat-based manufacturing technology theg been applied
toward the building of 3D scaffol#§°”.

The system includes a head-heated liquefier fix@d tcarriage moving
along the horizontal plane; the head can extruéentlaterial pumping a
filament of it through a nozzle directly on a ptath following a previously
programmed trajectory.

Such scaffolds are built up layer over layer in tieeical direction and the
layer thickness depends on the nozzle inner diamete

The technique is limited to thermoplastic polymergh proper viscous
properties and cells cannot be included duringptioeess.

Hutmacher and coworkers have used FDM to fabridateesorbable
scaffolds of PCL also in combination with HA and HQarticles thus
forming composite materials for bone tissue appbee.

A variation of FDM is the so-called precision exiing deposition (PED)
system which doesn’t need the previous filamentparation but the

material can be directly extruded.
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Figure 2.12. Scaffolds of mPCL:TCP (80:20) withag-Hown pattern 0/60/120° (adapted
from D.W. Hutmacher et al.)

- Nozzle

Figure 2.13. FDM scherffe
2.8 Porous size and morphology for tissue
regeneration

Three dimensional porous polymer scaffolds posseigla specific surface
area for cell anchorage and a big volume fraction dells growth,
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migration, and effective fluid phase transport ofrients. In addition to the
size of the pores, the morphology can significantisolve the performance
of an implanted matrix, including the rate of tissngrowth.

Biological activity of a scaffold is theoreticalfffected by ligands density,
I.e. scaffolds site at which specific cell bindiogcurs.

Scaffold composition and porous fraction, thathe total surface of the
structure exposed to cells, determine the ligamcsithe

Several research works have demonstrated that pwed to be large
enough to favour cellular migration into the sturet where they eventually
bound to ligands expressed on the scaffold surfasghermore, good
vascular induction and easy diffusion of waste potsl is favoured; but
conversely, pores should be small enough to readuficiently high
specific surface for a maximal ligand density imerto have an efficient
binding of a critical number of cells.

The optimum porosity is strictly connected to tissue type and diverse
nature tissue architectures can be associateditteeent microenvironment
to reproduce. Cell dimension, together with celltivaty behaviour,
phenotypic expression and ECM production has atsdod taken into
account when designing a scaffold for tissue reggeios.

In bone tissue regeneration, for instance, themum pore size required is
considered to be about 100 um due to cell sizeratign conditions and
transport. However, pore sizes bigger than 300 penrecommended, to
improve new bone formation and to develop a neggfllaries®™.

The investigation over two model cell types, fidesh and endothelial cells,
in respect of a range of defined pore features féota 90 pm in scaffolds
fabricated by photolithographic technique, demaiss how fibroblasts,

using a bridging mechanism, can spread over neighbells being able to
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fill even large pores while endothelial cells cahnse this bridging system
and they prefer pore size close to their dimensi@ns

In PLLA scaffolds, vascular smooth muscle spediiiychind to one range
of pore sizes (63 — 150 um) while fibroblast, feeit ability to form bridge
connections, to a wider range (38 - 150 ).

MC3T3-E1 mouse clonal osteogenic cells cultures foar different
scaffolds, with variable specific surface areasificm a linear relationship
between cell attachment and specific surface @ear the range of pore
sizes studied (95.9 — 150.5 um) short-term celbilityg was determined by
the specific surface area available for bindifig

The rate of degradation is also strictly connedtethe degree of porosity.
For instance in polyester scaffold materials, ahlpgrosity can reduce the
accumulation of acidic degradation products thutuceng any possible
reaction.

Moreover, scaffold heterogeneity has been showpraduce variability in
cell adhesion and uniform distribution of extraakdl matrix proteins is not
easily obtained™. Tissues produced from a non-uniform pore architec
also show inferior biomechanical properties if camga with tissues
derived from scaffold having a uniform pore struea/?. Generally cells
tend to follow the scaffold geometry: if pores auiaxed, they distribute
forming a spherical structure while in the caselohgated pores they also

align along the pore main a%is

Figure 2.14, Figure 2.15, Figure 2.16 and Figuf&g Zhow some examples
of different scaffolding structures culturgdvitro with different cell types.
In particular, Figure 2.14 shows human osteoblasli culture on

microfabricated chitosan scaffolds after 16 dayscefl seeding. The
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micrometric pore structure revealed to be suitableterm of size for
osteoblasts growing: cells were able to easily at@ginside the structure
and pores were quickly filled. The same cell cd@twas performed on FDM
scaffolds (MPCL:TCP, 80:20) (Figure 2.15); after d#ys of cell culture
cells started to form bridge connections at th@exw of the structure.
Figure 2.16 and Figure 2.17 show prostate candércokure (PC3K3s5,
Kallikrein3 overexpressed modified serine aminadaderived from bone
metastatic site) after 21 days on 2-5% PLLA-PDLIPAHFIF electrospun
mesh and mPCL:TCP (80:20) FDM scaffold, respedtivel

Prostate cancer cells show a round shaped morpholdge electrospun

mesh works as a barrier for cells while FDM scaffopores are definitely

big compare to cells dimensions.

—1

chitosant2

Figure 2.14. Microfabricated chitosan scaffold sgby human osteoblasts after 16 days
of cells culture. A) SEM imaging B) confocal lageicroscopy imaging after Phalloidin-

Rhodamine/Dapi staining
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Figure 2.15. FDM (mPCL:TCP, 80:20) scaffold seedgduman osteoblasts after 16 days
of cells culture A) SEM imaging B) confocal laseicroscopy imaging after Phalloidin-

Rhodamine/Dapi staining (chapter 5.4.2)

Figure 2.16. Electrospun mesh (2-5% PLLA-PDLLA iRIA) seeded with prostate cancer
cells (PC3K3s5, PSA overexpressed) after 21 dayseli$ culture A) SEM imaging B)
confocal laser microscopy imaging after Phalloiihedamine/Dapi staining (D. W.
Hutmacher et al., unpublished results)
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Figure 2.17. FDM scaffold (mPCL:TCP, 80:20) seedsih prostate cancer cells
(PC3K3s5, PSA overexpressed) after 21 days of celisire. Confocal laser microscopy

imaging after Phalloidin-Rhodamine/Dapi stainind.W.Hutmacher et al., unpublished
results)
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4 Part 1: scaffold production by
microfabrication

4.1 Abstract

Rapid prototyping techniques (RP) hold great prenfier designing 3-
dimensional (3-D) regular and ordered scaffoldsthWhese techniques,
good architecture reproducibility as well as pargposbntrol of the structure
can be obtained.

This work dealt with the fabrication of tissue emggring scaffolds with
regular micrometric geometry by using an in-housét lmicrofabrication
system.

Poly(D,L-lactic acid) (PDLA), poly(D,L-lactic-co-gtolic acid) (PLGA)
and chitosan scaffolds presenting homogeneoustyildited 100 pm size
pores have been fabricated. Fabrication consistec ilayer by layer
deposition of filaments of PDLA and PLGA dichloro
methane/dimethylformamide (DMC/DMF) solutions andit@san acetic
acid solutions, respectively, on a plate movingwaiticrometric precision in
the x,y,z directions.

Additional chitosan scaffolds filled with amorphowsicium phosphate
(ACP) particles were also microfabricated, consmgerthe possibility to
take advantage of the osteoconductive charactekGR for bone tissue
regeneration applications.

The in-house built system utilizes highly accurdt® micro-positioning
slides having a resolution up to 1 um. Through arosiyringe equipped
with a micro-needle having 60 pm inner diameteraatomatic pumping
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system extrudes a filament of the selected solutiora plate. The plate is
connected to three slides moving independentlyhe1®,y,z directions. A
computer controls the slides movement so thatithenént that deposits on
the plate builds layer by layer scaffolds of desiljigeometry.

Rheological tests have been used to characterigeptilymer solution
viscosities while thermal analysis (DSC), ATR-FTIBnd dynamic
mechanical tests (DMTA) have characterized the yred scaffold. Cast
films from the same polymer solutions were usect@srol. Preliminary
biological evaluations were done by seeding on dt&ffolds osteoblasts
(MG63) and fibroblasts (MRC5) cell lines.

SEM and LV-SEM imaging evidenced scaffold morphglognd cell
adhesion and growth behavior.

In addition, surface topography of ACP filled clsiém scaffolds has been
determined by atomic force microscopy (AFM) andrtlserface elemental

composition evaluated by energy dispersive spextms(EDS).

4.2 Introduction

Tissue engineering is a challenging field that aanhsestoring or replacing
deteriorating or aging biological structures suchtigsues or organs. It
involves the use of living cells and extracellutamponents, either natural
or synthetic, to develop implantable parts particular tissue engineering
uses a combination of living cells and a porouspsupstructure called
scaffold on/in which cell attach, grow and prolief->.

Since tissue engineering scaffold will be implantedhe human body, the
scaffold materials should meet specific charadiessin particular the used

material should be non-antigenic, non-carcinogemi)-toxic, and possess
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high cell/tissue biocompatibility so that they willot give rise to any
unfavourable cellular/tissue reactions after imfdtian. Moreover, the
scaffold should have an interconnected porosity witres large enough to
permit cell penetration and, at the same time, wlassation, nutrients
transport and removal of metabolic waste. Howepere size should not be
too large, in order to offer to cells a structusaipport for extracellular
matrix formation with a morphology resembling theeoof the target
biological tissue. Mechanical properties of thedquwed scaffold have also
to be considered in relation to the specific tissbat the scaffold is thought
of*>,

A wide variety of techniqgues commonly used in tesgmgineering produce
scaffolds having non-ordered structures with redysare interconnections,
poor mechanical strength and reproducibility; mesgp most of these
techniques can’t control any variation in porositighin the 3-D structure.
Among these techniques, solvent casting, freeymgir phase inversion,
fiber bonding, melt based technologies, high pnesbased methods are the
most used. To overcome the limits and the lackthe$e methods, solid
free-form fabrication (SFF) or rapid prototypingRRtechniques have been
introduced in order to computer control architeetand shape of the
scaffold§®. Scaffold with high resolution and reproducibilivan be
fabricated by SFF techniques. Fused deposition Hnogig FDM), three
dimensional printing (3-DP), selective laser simgr (SLS) and
stereolitography apparatus (SLA) are some examuigspid prototyping
technique§ Some in-house built systems have also been wséabticate
ordered and reproducible scaffolds

Microfabrication aims at producing  scaffolds of |peo

morphology/geometry with a micro-resolution.
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Many synthetic and natural polymers, are suitable the fabrication of

biodegradable scaffolds.

Members of poly ¢-hydroxyl acids) family, such as poly(glycolic akid
(PGA), poly(lactic acid) (PLA), and poly(D,L-lactimo-glycolic acid)
(PLGA) have been widely used in tissue engineesingjications®*® They
are considered to be biocompatible with degradapiducts, lactic acid

and glycolic acid, that can enter into normal metigtpathway$**°

Among natural polymers, chitosan is a well-toledatenon-antigenic,
biodegradabfé™® Chitosan is the N-deacetylated derivative of ichia
very abundant natural polysaccharide commonly &xtat crustaceous and
insects. The biodegradation time of chitosan igmeined by the amount of
residual acetyl contefft??

Polymer based composite materials are often usettin scaffolds with
increased properties. In particular, with the useevamic fillers, scaffolds
with better mechanical properties can be obtaifibéd. added value of some
ceramics is their osteogenic potential, very imgatrtfor applications for

bone repair and regeneration.

This work describes the use of a made-in-houseadfaiorication system to
produce scaffolds from different materials havingh&roresolution and a
well-defined ordered structure. Several physicatstevere performed to
evaluate the starting materials and the producedfatds. Preliminary

biological tests allowed to evaluate cells attachinaamd penetration.
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4.3 Materials and Methods

4.3.1 Microfabrication System

The microfabrication system picture is reportedoiel Figure 4.1. Three
independent slides (National Instrument, Austinxake US), computer
controlled by a labVIEW platform, can independemfypve in the x,y,z

directions with a 1 um resolution.

Figure 4.1: Microfabrication system
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Figure 4.2. Schematic representation of microfaidn system

Each slide is connected to a DC motor which canosepa 15 mm/sec
maximum velocity. The process parameters set byLtheVIEW front

panels are sent to the axis through a controlleichwitan also receive
possible limit switch signals back from the slides.

Figure 4.2 and Figure 4.3 show the schematic reptaon of the

microfabrication system and its working principlespectively

Commands
Computer 3 Slides
LabVIEW software CONTROLLER DC motors

NN

Limit switch signals

Figure 4.3. Working principle of microfabricatiopstem
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The slides, having a movement range up to 100 mowema platformwhere
the polymer solution is extruded and the scaffsltuilt on. The extrusion
system is composed by a glass syringe fixed upnoautomatic pumping
system (11 Plus, Harvard Apparatus, Massachude8},(Figure 4.4) by
which it is possible to set the proper flow rate;metal micro-needle
(Hamilton™, 34 gauge — 60 microns inner diameter; 1 cm ler@@h point

style) is connected to the glass syringe by allbgt-mechanism.

Figure 4.4. A) microfabrication system platform; 8)° needle point style

Since the process strongly depends on environmemai@hbles (such as
temperature and humidity), a protective glass bakloses the whole

system, to ensure constant conditions for the depos

The polymer solution is deposited from the needlthe glass syringwith
a constant flow rate on a polyethylene terephtbaBET) platform (Figure
4.5).
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Figure 4.5. The micro-needle and scaffold micrafaiiron

Scaffold is built on layer by layer in the vertiadirection. Each layer is
composed by a series of parallel fibers, depoditethe syringe through a
back-and-forward movement. The distance between filhers, which
influences the properties of the scaffold, is aapsater that the operator
inserts in the control panel of the software. Oadayer is completed, the
support moves down by an amount corresponding ¢o hitight of the
deposited fibers, such that the distance between nbedle and the
deposition plane is constant. Then, another layeleposited, whose fibers
are perpendicular to those of the previous ones tkesulting in a scaffold
with interconnected porosityThe number of iterations of this sequence
determines the number of layers composing the d@daffwhile fibers
dimension depends on the pressure applied to thregsy the viscosity of

the solution, the motor speed and the dimensiotiseoheedle.

The process parameters which can be controllecughrahe LabVIEW
front panels are the following: slide velocity aadceleration, the distance
between fibers, the number of layers and the \@rticsplacement of the

platform between the depositions of two subsequayrs. Figure 4.6

64



Part 1: scaffold production by microfabrication

shows the graphical

user

interface of the

=10l x|

File Edit “iew Project Operate Tools ‘Window Help

@El 13pt Application Font [+ ”*L—Jvll u.v”*ﬂﬂvi-

Bnard D anls
o1 HAxis 1

V Axls

kr Ais 2
Vector Yelocity (RPM)

}' 50,00
Vector Acceleration (RPS/s)

# distance ¥ distance
& E “Jiz0000
¥ size ¥ size

B\end Factar (-1}

o

ZDDDD IDUDD

]
a

o

] ] ] |
10000 20000 30000 40000

Array

| | 2000 | 2000 | 4000 | 4000 I 6000 | EDDD

|zuuuu |zuuuu IID IIU

||zuuuu

| !z A

||zuuuu IID

2/ second floor.vi Front Panel

=l

File Edit ‘iew Project Operate Tools ‘window Help

[o]=] ©|EH 13pt Application Font | = ”,mvnﬁvllﬁvl

anrd o >< Axis Y Ast

=Y Position Histary

Wector Ve\nclty (RPM)
“Hl0,00

Vector Acceleration (RPS)s)
i) 50,00

¥ distance ¥ distance
“H|z0000 1000

A size Y size

- £ T
B\end Factor( 13

)10

I
ZUUUU -10000

]
(1)

N

I ] ] I
10000 20000 30000 400

Array

||n ||1nnn ||1nnn ||2nnn

N el ol | ol |

||znnn ||annn ||3mn

[ _l_}l B

labVIEVWNE panels.

65



Part 1: scaffold production by microfabrication

Figure 4.6. LabVIEW front panels: A) and B) plamawvements, C) vertical movement

Figure 4.7 and Figure 4.8 are the LabVIEW blockgdis associated to
the graphical user interfaces. In particular, Fegdr7 shows the block
diagram that regulates the vertical movement optagorm.

e ————————————————

Halt motion if user

Acceleration (RPS/S)

i

Deceleration (RPS/S)

o

Figure 4.7. LabVIEW block diagram of the verticabvement
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The program is essentially composed of a “For Lodpét repeats a number
of time corresponding to the number of layers ttedfeld will be composed

of. The program uses an incremental number to eratméhe cycles; this
variable is used to distinguish between odd-nunthared even-numbered
layers. Depending on that, the program executesnaltively two sub-

programs, which differs on fibers orientation. hat way, odd-numbered
layers are composed of fibers oriented perpendigulespect to the ones of
even-numbered layers. The second part of this bdieairam represents the
vertical displacement, executed after each of the sub-programs that
determines in-plane movements. The input valuesrtied are read by the

program which actuates the movement.
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Figure 4.8. LabVIEW block diagram of planar movetsen

Figure 4.8 is the block diagram related to the atanovement and finally
associated to the layers formation. It can be é@dighto two parts: the first
one represents the creation of an array, that esinlstructions for the
platform to move, forming the grid. Practicallyethrray corresponds to the
geometrical parameters of the scaffold. The foreuedy is then used in the
second part of this block diagram, where the isibas for the movements

are taken as input values and used to move thesslid

The needle path to obtain the desired scaffold g#gnis described by a set
of spatial coordinates, which, basically, represaet boundaries of each
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layer of the scaffold. The back-and-forward movetnpassing through
these points determines the fibers deposition.rEigL6 shows the graphical
user interface associated to the subprograms detatéhe layer formation
(with two different orientation, A and B in the fige) and to the vertical
movement (C) of the deposition platform.

All the process parameters were set from the LalV¥WIEont panels
exclusive of flow rate that is controlled directtpm the automatic pumping

system.

Flow rate, velocity, target position (distance betw layers) are strictly
related to each other and dependent on polymetti@olwiscosity and
scaffold geometric features. In the tested solgtitire process parameters
combination related to a specific and pre-deterdhiselution viscosity,

were fixed as follow:

* Flow rate: 1 pL/min
» Slide velocity: 4.6 mm/sec
e Distance between layer: 25 um

Each square scaffold, (generally either 1 cm x 1 anm2 cm x 2 cm
dimensions were chosen), is composed of about bd@quidistance rows.
Synthetic polymer scaffolds were formed by 30 layathile the chitosan
polymer scaffolds by 80 layers. The final thicknesk the synthetic
scaffolds was approximately 3%0n while natural polymer matrices had a

total thickness not bigger than 106h.
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Figure 4.9 represents a natural polymer scaffotan2x 2 cm produced by

microfabrication technique.

oo '+

Figure 4.9. Microfabricated chitosan scaffold

4.3.2 Synthetic polymer materials: PDLA and
PLGA

Poly(D,L-lactic acid) (PDLA, type RESOMER207, MW= 252 kDa)
poly(D,L-lactic-co-glycolic acid) (PLGA, type RESCBRR® 503, 50:50
molar ratio D,L-lactide:glycolide, MW= 39 kDa) wengurchased from
Boehringer Ingelheim, Germany. The polymers weredusithout further
purification.

Dichloromethane (DCM) and dimethylformamide (DMFane obtained
from BDH Chemicals (UK) and J.T.Baker (Holland)spectively.

PDLA and PLGA were dissolved in dichloromethanestinyl formamide
(70:30 v/v) to prepare 20% (w/v) and 25% (w/v) $iols, respectively.

Before being used inside the microfabrication systéhe solutions were
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magnetically stirred at 40°C for 18 hours, theteféd with Millipore Nylon
Net filter having 2Qum pore size.

The specifications of the solvents are given inTtable 4.1.

Table 4.1. properties of solvents

Density Boiling Viscosity Firm Purity Water
[g/ml] Temp [cP] [%0] [%]
[°C]
DCM| 1.325 40 0.44 BDH (UK) 99,5 0.05
DMF | 0.944 153 0.91 )T Baker 99 0.05
(Holland)

Films obtained by casting the solutions in Petshds were used as control.
The solvent was allowed to evaporate gently in orte avoid bubble
formation. The resulting polymer films were driedder vacuum for 1 day
at room temperature to produce 0.2 mm thick PDL& BhGA films.

4.3.3 Natural polymer material: Chitosan

Chitosan (low viscosity, 78% deacetylated) andiacatid were purchased
from Fluka (Missouri, US).
Chitosan was used without further purification. Bad hydroxide (NaOH)
was obtained from J.T. Baker (Holland).
Chitosan was dissolved in 5% (v/v) acetic acidreppre 3% (w/v) chitosan
solution. Polymer solution was then filtered throudillipore Nylon Net
filter with 20 um pore size.
After microfabrication, chitosan scaffolds wereatesl with 1 M NaOH for
one hour and then washed with distilled water uriltrality.
The specifications of the solvents are given inTtable 4.2.
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Table 4.2. Properties of solvent

Density Boiling Viscosity Firm Purity
[a/ml] Temp [cP] [%0]
[°C]
Acetic Fluka
. 1.049 118.1 1.22 (MO, 99
Acid us)

Additional chitosan scaffolds filled with amorphowsicium phosphate
(ACP) particles were fabricated. A solution waspamred dissolving 2.6%
(w/v) chitosan and 0.4% (w/v) ACP in 5% (v/v) acedcid solution.

The particles were synthesized via sol-gel procedsch was previously
described by Skirtc et &f. The particles mean diameter was kept as
2.17£2.07 pum. The precursors Ca@®tH,O, NaHPQO,.2H,O and
Na,P,07.10H,O used in the synthesis of amorphous calcium plaisph
(ACP) particles were supplied by Sigma-Aldrich (Siuis, MO — US).

Films obtained by casting the solutions in Petshds were used as control.
The solvent was allowed to evaporate gently in orte avoid bubble
formation. The resulting polymer films were driedder vacuum for 1 day
at room temperature to produce 0.2 mm thick chrtdgans.

4.3.4 Gel Permeation Chromatography (GPC)

Weight average molecular weight of the used syithmilymers used was

determined by gel permeation chromatography (GPRectga System
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P1500) by using a Shodex K-804 column (Shodex, ®plgpan) and a KG
pre-column.

Chloroform was used as solvent for the polymers anghL/min eluent
constant flux was applied.

The Universal Calibration method with polystyrenanslards was used to

obtain a calibration curve.

4.3.5 NMR

3¢ CP MAS NMR spectroscopy was used to determieatterage degree
of acetylation of chitosan.

Solid State NMR experiments were carried out omuk& Avance 400 WB
spectrometer, operating at 100.613 MHzfi8. Samples were packed in 4
mm diameter zirconia rotors which were spun at 2 kidder air flow. The
experiment was performed #C SP-MAS, operating conditions were 3.5
us for 90° pulse and 5.3 us for decoupling pulst lad -1.7 dB of power
level, 10 s for recycle delay. Adamantane was wesedxternal shift scale

reference.

4.3.6 Rheological Tests

For rheological measurements on the solutions, tational rheometer
(Advanced Rheometric Expansion System - ARES — Agtriment, New
Castle, DE — US) was used. A cone-plate configoma{i50 mm plate
diameter, 0.04 rad cone angle, 0.050 mm initial lgetveen cone and plate)
and a dynamic frequency sweep test mode (straitraipr83% strain, 1

rad/sec initial frequency, 22°C working tempera}uvere employed.
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To prevent solvent evaporation during the experisiean humidity chamber
enclosing the cone-plate apparatus and lined wigblhgent soaked sponge
was used. Complex viscosity over frequency rangsvden 1 and 100
rad/sec was measured and efficiency of humidityndyex was tested by

sequentially running the rheometric measurementh®same sample.

4.3.7 Attenuated Total Reflectance-Fourier
Transform Infrared (ATR-FTIR)

Infrared spectroscopy analysis (Spectrum One Speetier — PerkinElmer,
Germany) was utilized to evaluate possible matarmatifications due to
the process or solvent retention. Films from thees@olymer solution were
used as control.

All the spectra were analyzed after ATR and baseatrrection.

4.3.8 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) (DSC 30 M&t-Toledo, USA)

was performed on polymers before and after micradabon to investigate
possible modifications due to the fabrication pchae. Approximately 5-10
mg samples were placed in aluminum DSC pans. Esample underwent
two heating scans from -20°C to 120°C in the cddelL&A and PDLA,; for

chitosan the first scan was from 0°C to 200°C wtkiile second one from
0°C to 300°C; heating rate was fixed at 10°Chiand cooling rate at
100°Cmin' under a nitrogen flux of 10 mLmiin

Evaluations on the obtained graphs were performe8MARe — Thermal

analysis software.
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Second order phase transition, that is glass transiemperature (Tg) and
first order phase transition endothermic and exotie peaks were

detected.

4.3.9 Thermo gravimetric analysis (TGA)

Mettler TG50 thermogravimetric balance connectecat®dettler TC10A
processor was used to measure weight loss as aciurt temperature of
chitosan polymer, chitosan polymer filled with AGRrticles and ACP
particles.

A temperature range between 0°C and 800°C was aealuunder a

nitrogen flux of 200 ml/min.

4.3.10 Dynamical mechanical thermal
analysis (DMTA)

Dynamic mechanical thermal analysis (DMTA) was perfed by DMTA
MK Il (tensile mode) of Polymer Laboratories Scigat=irm.
The analysis were conducted by keeping the frequeanstant (1 Hz) and
varying the temperature at a heating rate of 3°@/mum —-60°C to 100°C
in the case of PLGA and PDLA and from —60°C to ZDGA the case of
chitosan material.
Cast films40 um thick were produced and used as a control.

Storage modulus (E’) and loss factor @pawere plotted over temperature.
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4.3.11 Preliminary in vitro culture studies

Human osteosarcoma derived osteoblasts MG63 andmembrional lung
origin fibroblast MRC5 cell line were seeded on fwe@duced PDLA,
PLGA and chitosan, plain and ACP filled, scaffolds

Cells were incubated at 37°C in a 5% Jf&@mosphere incubator, and when
reached the confluence stage they were harvestaggsinization followed
by the addition of fresh culture medium to createcedl suspension.
Minimum essential medium (MEM) supplemented wit®4d Getal Bovine
Serum (FBS), 1% penicillin, 1% Glutamax, 1% Vitammii% non essential
amino acids was used for MG63 cell line media; 166liGm Piruvate in
addition to these ingredients was used for MRCbliogl media.

All of the scaffold samples were sterilized by imsien in 70% ethanol
followed by washing with distilled water and wereeded with a cell
suspension of 5xf@ell/mL concentration in 48 well plates. The densif
cells was determined by a glass hematocytometere&ch well 0.5 ml of
cell suspension was added. Medium was changed @vdays. At chosen
times, scaffolds were removed, cells were fixed gmedmorphology of the

cells was examined by SEM and LV-SEM imaging analys

4.3.12 Atomic Force Microscopy (AFM)

Topography of ACP filled chitosan scaffolds was leiated by AFM

analysis.

Topography was analyzed by AFM (NT-MDT Solver AFNM) contact

mode, collecting topography profiles maps withcsiti contact tips (conical
shape, angle < 22 deg., typical curvature 10 nnusadel = 0.01 N/m).

Measurements were carried out in air at room teatpses, by a scanning
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head of 90um? of 10 x 10 um scan area; the scan frequency wps ke
between 1.0 Hz and 1.2 Hz.

4.3.13 Sample imaging

Morphological observations were performed with cgilti microscopy,
scanning electron microscopy (SEM) (Cambrige Starao 200 — operating
mode: high vacuum, secondary electron SE deteetod) Enviromental-
SEM (ESEM TMP FEI — operating mode: low vacuum,egas secondary
electron GSE detector).

Before imaging, biological samples were fixed byngsa glutaraldehyde
solution (25% glutaraldehyde in cacodylic buffelusion 0.1 M, pH=7.2) to
preserve the structure of living tissues. Thengamples were dehydrated
by dipping in a series of aqueous ethanol soluti@ts increasing
concentrations. Prior to SEM imaging, samples vepngtter coated (SEM
Coating Unit PS3, Assing S.p.A., Rome, Italy) wattthin layer of gold in
argon atmosphere (20 mA at 5x1Pa for 30 sec).

Energy dispersive spectroscopy (EDS, EDAX — Ametelds used to
determine the surface elemental composition ofoshit/ACP composite

scaffolds before and after NaOH washing treatment.
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4.4 Results and Discussion: synthetic materials

4.4.1 Microfabricated scaffold

Scaffolds of PLGA and PDLA were obtained by the esppsition of 25
sequential orthogonal layers. Their optical and Skfges are reported in
Figure 4.10.

Acc  SpotMagn  Del WD ———— 100 pm
100KV 46 200x GSE 108 0.8 Tow Scaffold PDLA N

Figure 4.10. Optical (up) and scanning electrorwfgomicroscopy images of a PDLA
(left) and PLGA (right) scaffold

Setting the proper combination of process parametas very important to
produce homogeneous and regular scaffolds. Wrottigpg®f the machine
combined with an improper polymer solution viscpsisulted in defects

being created in the final scaffold structure. 8oluviscosity and solvent
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evaporation rate are the main parameters contgaiiinning of the solution
and filament deposition.

Low-boiling temperature solvents evaporated tod, fagen on the needle
tip, causing the polymer solution to flow discontiusly and to stuck at the
tip. Similar results were observed when the sotutoncentration was too
high. Non-continuous flow created defects in thaffetd such as big

droplets; moreover, fibers did not bind each otitrégure 4.11, A and B).

High boiling temperature solvents, on the contrargre difficult to remove

from the material, so that the polymer spread encthllecting platform and
following layers collapsed one over the others. THame effect was
observed when the polymer concentration was too(fgure 4.11, C and
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Figure 4.11. Optical images of a microfabricatedffedd with defects. A and B, PDLA; C
and D, PLGA
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Pores size and shape could varied depending omisgiparameters. For
instance, for PDLA, at higher x,y slide velocity.@dmm/sec) pores were
square shaped sizing about 100 um (Figure 4.12vAije more elongated
smaller pores (Figure 4.12 B) were obtained at stoslide velocity (4

mm/sec).

0 pen
0.8 Torr Scaffold FOLA P

Figure 4.12. PDLA microfabricated scaffold

For PGLA, SEM imaging showed a regular structuréhwlioO pm thick
polymer rows and about 130 um side square holgsi(&i.10).

PLGA scaffolds were produced by 25 overlapping flsyenorphological
evaluation by imaging analysis (SEM) showed a r@gstructure with 100
pum polymer rows and about 130 pm square holes r&igy1.0).

Due to the lower solution viscosity (see chapt8t6), in general the PLGA
scaffolds were more difficult to process than PLBYd a three-dimensional
structure was hardly obtained. Attempts made torofabricate PLGA
scaffolds starting from more concentrated polymeluttons were not
successful due to the gelification of the soluiiothe syringe.

Proper solution concentration was the most impopaocess parameter to
set for PLGA scaffolds microfabrication. At low paler concentration

(15% wilv), the solution flowed out easily throudiie heedle, however once
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it was extruded on the substrate the solvent eadpdrtoo slowly and the
scaffold spread and collapsed. At 30 % w/v PLGA csoriration, the
unstirred solution behaved as a gel. A 25% (w/v)GRL solution

concentration resulted to be the optimal as regé#ndseasiness of the
process and the quality of the obtained scaffolds.

4.4.2 Rheological test on PDLA and PLGA
solutions

Flow behaviour of polymer solutions is an importanbcess parameter to
consider during microfabrication process.

For this reason rheological test on the polymeutsmis were performed in
order to evaluate in which viscosity range the sohs were extruded
during the microfabrication process.

Characterization of polymer solutions flow behaviemd selection of the
proper viscosity working range in respect to miaklofcation process were
thus evaluated.

Both PDLA and PLGA solutions, at the concentratiafue that resulted to
be optimal during the microfabrication process, evéested by using a
rotational rheometer by a dynamic frequency swesgi: tin this way
complex viscosity was measured over a frequencyedéetween 1 and 100
rad/s.

According to the Cox-Merz ruté the complex viscosity as a function of the
frequency corresponds to the shear viscosity ametibn of shear rate. In
addition, the effect of evaporation phenomena wasuated by performing

three measurements on the same sample one after one
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Figure 4.13and Figure 4.14 show the graphs resulting fronri@®logical
tests on PDLA and PGLA solutions respectively.
Table 4.3 reports the viscosity values at fixedgdiencies in order to

evidence the effect of the three following runstfoe two polymers.
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Figure 4.13. Rheological test results for A) Vidopsf 20% PDLA solution in DCM:DMF
(70:30) solvent, B) Viscosity of 20% PDLA solutian DCM:DMF (70:30) solvent

obtained by three successive measurements
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Figure 4.14. Rheological test results for A) Visgpsf 25% PLGA solution in DCM:DMF
(70:30) solvent, B) Viscosity of 25% PLGA solutidn DCM:DMF (70:30) solvent

obtained by three successive measurements
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Table 4.3. Complex viscosity, expressed in PA.SPBLA solutions at fixed frequencies.
The numbers between the round brackets indicateethve change in comparison to the

viscosity measured in the first run

w [rad/s] 1 10 100
1% run 76.45 36.65 14.26
2" run 137.93 (+80%)  57.61 (+57%) 17.87 (+25%)
3" run 190.78 (+150%) 76.25 (+108%)  22.20 (+56%)

Table 4.4. Complex viscosity, expressed in PA.RI0GA solutions at fixed frequencies.
The numbers between the round brackets indicateethve change in comparison to the

viscosity measured in the first run

o [rad/s] 1 10 100
15 run 1.30 1.18 1.00
2" run 3.23 (+148%)  2.84 (+140%)  2.09 (+109%)
3 run 10.38 (+698%)  7.59 (+543%)  4.17 (+317%)

PDLA solution complex viscosity presents the typipalymer solution
trend, that is a non-Newtonian pseudoplastic behsvithe viscosity
decreases at increasing frequencies.
Instead, PLGA solutions in the considered frequepogsent an almost
Newtonian behaviour.
In view of the fact that the polymers chemical stowes are quite similar
the viscosity value is highly dependent on the pay molecular weight
and for this reason the measured complex viscosityof the lower
concentration PDLA solution is higher than PLGA.
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Besides, comparison between the increasing valuesaosities of PDLA
and PLGA polymer solutions after successive testeals that evaporation
was more pronounced in PLGA solutioks a result, PLGA solution was
therefore more unstable to be processed insidentbeofabrication system
and the whole scaffold production process was legsoducible. This
problem was technically verified during the miclmfi@ation process:
unfortunately it was not possible to solve it byrgasing the polymer
solution concentration because the solution quiddgverted into a gelly
state as the concentration was increased.

Furthermore it is important to underline that tlesults obtained by the
rheological tests performed on the solutions aleed to the flow viscosity
(shear stresses). However, especially in small llagpi and in non-
Newtonian fluids (such as polymer solutions), thentabution of
extensional viscosity is also present. Extensiomsdosity (or elongational
viscosity) is the resistance to flow in a stretchideformation. It is
independent of shear viscosity for non-Newtoniad and can be hundred

times largef*?>

4.4.3 Molecular weight distributions of PDLA
and PLGA polymers

Molecular weight distribution of PDLA and PGLA bagewders, cast films
and microfabricated scaffolds was evaluated in rorte identify any
possible material modification induced by the pesce

Processes where polymer solutions undergo to slstrasses were

occasionally reported to induce polymer degradatibenomena which are

evidenced as a reduction of the molecular weigjfft
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The results of the GPC analyses are presentedgurd=4.15 and Figure
4.16, which show the molecular weight distributiamfsPDLA and PLGA
based materials, respectively, and in Table 4.5jchwvhcontains the
calculated weight average molecular weight and gispersity index for
each tested material.
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Figure 4.15. Molecular weight distribution of PDLi#ased materials: base powder, cast

film and microfabricated scaffold
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Figure 4.16. Molecular weight distribution of PLA#ased materials: base powder, cast
film and microfabricated scaffold
Table 4.5. Weight average molecular weight and diepersity index for PDLA and PLGA

based materials

Mw [kDa] pdi
PDLA powder 252 2.03
PDLA microfabricated 206 1.83
PDLA film 177 1.88
PLGA powder 39.4 4.20
PLGA microfabricated 28.6 2.19
PLGA film 29.3 2.45

Figure 4.15 evidences as the molecular weightidigions of the cast film
and the microfabricated scaffold of PDLA and PLG#ftsto lower values
in comparison to the base powder of both the poigmehis fact
corresponds to lower weight average molecular wisighserved in Table
4.5. In particular the decrease is more evidenPIoL A cast flm compared

to PDLA scaffold. Moreover, the polydispersity ixkdesults to be lower in
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the case of the cast film and the microfabricatedffeld: this fact
corresponds to a narrowing of the molecular wedjbtribution evidenced
in Figure 4.15 and Figure 4.16.

These degradation phenomena could be attributedthéo hydrolytic
degradation typical for polythydroxyacids)®3* Being the DMF solvent
highly hygroscopi®®, some water could be present and contribute tilyeas
degrade the polymer. In fact, after processingyrased by the ATR-FTIR
spectra (chapter 4.4.5), DMF is still present iaside products, scaffolds
and films. Removing of DMF from scaffolds and firesulted complicated
and evaporation after process was ineffective sa the high boiling
temperature of DMF.

Reduction of glass transition temperatures (Tg)ticed in the DSC
thermograms also cooperates to confirm the DMFepres after processing
(chapter 4.4.4).

On the other hand, the presence of the solventltegsuinot to have
consequences on biological evaluations performmedtro: washing with
ethanol and distilled water before usage in cultiegs was enough to
remove the DMF and the degradation of the polymaegligible if tests are
carried out immediately.

Difference in weight average molecular weight betw®DLA scaffold and
film could be caused by the slower evaporationhia tilm. Evaporation
process is dependent on surface area and bullkn#sskthus being faster in
scaffolds than in films.

The fact that degradation occurred in both film andffold, states that the
shear stresses applied to the polymer solutiomdwpinning were not high
enough to induce chain breaking. The observed dagom phenomena is

attributable to hydrolysis of the poly-fydroxyacids) chains.

88



Part 1: scaffold production by microfabrication

4.4.4 Differential scanning calorimetry (DSC)

Thermal properties of PDLA and PLGA polymers, befoand after
microfabrication process, were evaluated by difiee scanning
calorimetry (DSC) analysis in order to investiggbessible material
modifications due to the process.

As comparison, cast films obtained from the sametisms were analysed
as well.

The resulted thermographs are shown in Figure 4ri¥ in Figure 4.18.
Table 4.6 shows the evaluations results.

A first heating scan from 0°C to 100°C was madeetaove solvent traces.
PDLA and PLGA are amorphous polymers and the baselgrs show a
second order phase transition, i.e. glass transiteamperature (Tg) at
57,36°C and 46,49°C, respectively.

Tg of microfabricated scaffold and film is loweruiing the first heating
scan the decrease is due to residual solvent ink&enaterial acting as a
plasticizer for the polymé&t lowering down the Tg. Infrared spectroscopy
analysis (chapter 4.4.5) confirmed the presend2\bf solvent.
Considering the second heating scan curves, Tgsidriine microfabricated
polymers from 57,36 to 54,80°C, and from 46,492¢/2°C, for PDLA and
PLGA polymers respectively.

These results are consistent with the already ptedemolecular weight
findings (chapter 4.4.3), which have shown a degftad of the polymers in
the microfabricated scaffolds.

Similar considerations can clarify cast film reswdt the same way.
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Figure 4.17. Thermographs related to PDLA grainsgdd PDLA microfabricated scaffold
(B)
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Figure 4.18. Thermographs of PLGA grains (A) an@RLmicrofabricated scaffold (B)
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Table 4.6. DSC results for PDLA and PLGA grainenfand microfabricated scaffold

1% scan 2" scan
PDLA
raw Tg 57.56°C 57,70°C
material
PDLA
) Tg 36.72°C 46.47°C
Film
PDLA
Tg 29.94°C 54.80°C
scaffold
PLGA
raw Tg 54.69°C 46.49°C
material
PLGA
) Tg 7.66°C 14.73°C
Film
PLGA
Tg 22.54°C 43.72°C
scaffold

PLGA based grains during the first heating scarwsgloa first-order phase
transition, i.e. an endothermic peak (Figure 4A)8just after Tg. This peak
corresponds to the enthalpy involved in the reiaxabf the more mobile
polymer chains after Tg due to densification ocedrduring the polymer
cooling but also storage. Densification reduce® fuelume and hence
mobility of the glassy domains: the sudden incraasigee volume at Tg

enables the polymer chains relaxation if energy fusnished. This

phenomenon is not present in the polymers secand being aging related,
neither in the scaffold or cast film materials, daehe plasticing effect of

the residual solverit.
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4.4 5 Attenuated total reflection infrared
spectroscopy (ATR-FTIR)

Attenuated total reflection infrared (ATR-IR) sp@ascopy analysis was
used to identify spectra associated to the polynisfore and after

microfabrication process to evidence any possikdeation inside the

starting polymer chemical structure due to the @ssc Cast films from the
same polymer solutions were analysed as well.

Both PDLA and PLGA spectra are reported in Figud®©Zand Figure 4.20,
respectively. The spectrum relative to DMF solsrdadded.

Absorption peak near 1670 &mtypical for Amide | stretching vibration
and characteristic for DMF solvent, reveals thespnee of trapped solvent
(DMF) inside the microfabricated scaffolds and chlsh as previously

shown by thermal analysis.

%T d
.—\_,_,ﬁ,\ﬁv_—%ﬁ

1670 cni* Amide |
stretching vibration

400¢ 360C 320¢ 280( 240( 200¢ 180( 160 140 120 100¢ 80C 65C
cm-1

Figure 4.19. ATRspectra of PDLA a) powder, b) film, ¢) microfabttied scaffold, d) DMF
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06T \
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Figure 4.20. ATRspectra of PLGA a) powder, b) film, ¢) microfabtiea scaffold, d) DMF

4.4.6 Dynamic mechanical thermal analysis
(DMTA)

Dynamic mechanical thermal analysis (DMTA) on PDlahd PLGA
scaffold and cast film was performed to characeéetie thermomechanical
behavior of the polymeric products and to reve#fietknces in transition
temperatures.

This practice is intended to provide means of det@ng the transition
temperatures, elastic and loss moduli of the madm€ated scaffolds and
films over the chosen range of temperatures ateifspfrequency.

Plots of the storage modulus and loss factor afieative of the viscoelastic
characteristics of the polymer. These moduli aretions of temperature or

frequency in polymers and change rapidly at pddictemperatures or
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frequencies. The regions of rapid modulus changenarmally referred to
as transition regions.

Figure 4.21 and Figure 4.22 show the storage medahd loss factor as a
function of temperature for PDLA and PLGA, microfigated scaffolds and
cast films, respectively.

In general microfabricated scaffold storage modud@rsboth polymers is
quite low if compared with cast films, but thissisnply due to the fact that
in microfabricated scaffolds the resisting crosstisa is lower than the
nominal one.

Decreasing of the storage modulus, which correspéma peak in the loss
factor trend, indicates the glass transition terajpee of the amorphous
polymers. The value is particularly low becausehef residual solvent still
present inside the polymer, as stated before (eha&p4.5) which acts as a
plasticizer thus reducing the Tg value. Tg valudstaimed by this
characterization are lower than DSC, this fact ¢peine to the lower heating
rate in the DMTA.

In Figure 4.21 (B), the modulus E' of PDLA sharpiecreases when
temperature approaches the glass transition att #05C. Parallel to this,
the loss factor increases until reaching a maximatae at about 30°C, that
Is identified as the glass transition temperature.

Notwithstanding, the loss factor doesn’t evidensharp peak as in the case
of the other materials because of technical problem

PLGA scaffold storage modulus is extremely low, rnieee lower limit of
the sensitivity of the apparatus and the first eared values at lower
temperatures has to be neglected (Figure 4.22).

Around 30°C, the E’ shows for the PLGA sample akpgst before the
drop due to the glass-rubber transition (Tg). ®nsall peak reflects some
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stiffening of the PLGA material preceding the Tdhidl effect can be
observed mostly in an amorphous material, and & tle origin in

relaxation of internal stresses frozen during metnching®**
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Figure 4.21. Plots of storage modulus and losofaftr PDLA microfabricated scaffold

(A) and cast film (B) as a function of temperature
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Figure 4.22. Plots of storage modulus and lossofatr PLGA microfabricated scaffold

(A) and cast film (B) as a function of temperature
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4.4.7 Preliminary in vitro culture studies

Human osteosarcoma derived osteoblasts (MG63) andai embrional
lung origin fibroblasts (MRC5) cell lines were seddon microfabricated
PDLA and PLGA scaffolds.

Cell attachment, growth and distribution over tl®sen micro structured
matrices, at two time points, was evaluated by SERQging.

In particular cells adhesion and their ability totex into pores and

proliferate also inside the micro structure wadeated.
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PDLA microfabricated scaffolds:
Figure 4.23 shows SEM imaging of an osteoblast (B)Gll line culture
on PDLA microfabricated scaffold after 7 days (AdaB) and 14 days (C

and D) of cell culture.

Osteoblast (MG63) grew extremely fast and aftemysdhey were able to

entirely cover the PDLA structure.

Figure 4.23. SEM images of PDLA scaffold after §sléA and B) and 14 days (C and D)
of osteoblast MG63 cell culture; the marker indésat00 pm
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Figure 4.24 reports the SEM imaging of fibroblg8#RC5) cell culture on

PDLA microfabricated scaffold after 7 days (A andaBd 14 days (C and
D) of cell culture.

Growing for fibroblasts was slower, with part ofeti?DLA scaffold still
uncovered after 7 days culture.

MRCS 14gg P 10kY 100x WD dmm — 0 MREE

Figure 4.24. SEM images of PDLA scaffold after §sl6A and B) and 14 days (C and D)
of fibroblasts MRCS5 cell culture; the marker indes100 um

To evidence the ability of cells to grow also iresithe three dimensional
structure were unfolded and SEM imaging of the inpaat were taken.
Figure 4.25 and Figure 4.26 show the internal pba scaffold seeded with
osteoblasts (MG63) and fibroblasts (MRC5), respedbti
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In both cases, osteoblasts and fibroblasts cowad® the inner part of the
scaffolds, with cells adhering to single filamerds bridging between

different filaments of the pore walls. In genemdteoblasts penetrated the
scaffolds more than fibroblasts, confirming theister growth as observed

on the scaffold external surfaces. No modificatiohthe scaffold geometry

and integrity were detectable after 14 days ofaallture.

1 10kY 530x WD 30u 10KV 260x  WD:18mm _ 100u

Figure 4.. SEM images of inner layers of PLA nofabricated scaffold after
osteoblasts MG63 cell seeding (7 days); (A) PDLAcnofiabricated scaffold before
seeding, chapter 4.4.1, (B, C) different magnifarad; markers indicate 30 pm (B) and 100

um (C)
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cell seeding (7 days) ; (A) PDLA microfabricatechffold before seeding, chapter 4.4.1,
(B, C) different magnifications markers indicate i (B), 30 um (C) and 100 pm (D)
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PLGA microfabricated scaffolds:
Cell culture tests on PLGA microfabricated scaffaldre performed and
SEM imaging evaluation was done at day 7 and 14.
Figure 4.27 and Figure 4.28 show the SEM imagirsglte for osteoblasts
and fibroblasts cell culture, respectively.
PLGA scaffolds were fully covered by a cell laykat was quite denser in
the case of osteoblasts.
No evidence of cell migration inside the scaffolould be detected, this
being however due to the more compact structurth@fPLGA scaffolds
with respect to the PLDA. After 14 days culture,ident signals of

degradation were visible.

Figure 4.27. SEM images of PLGA scaffold after 7yslia(A and B, different
magnifications) and 14 days (C and D, different nifigations) of osteoblasts (MG63) cell
culture; in all the micrographs markers indicat® on
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R <
100u PLGA micro DCM:DMF MRC5 50x 10kV mm——— 100u

Figure 4.28. SEM images of PLGA scaffold after y<@A and B) and 14 days (C and D)
of fibroblasts MRCS5 cell culture; in all the micmagphs markers indicate 100 um

A micro F MRCS T2 100x 10kV WD:20mm

104



Part 1: scaffold production by microfabrication

4.5 Results and Discussion: microfabrication of
chitosan scaffold

4.5.1 Microfabrication of chitosan scaffold

Microfabrication of chitosan scaffold was conducstarting from 3% (w/v)
chitosan solution.

The final matrix is composed by 80 overlapped layesulting in a well
ordered geometry structure having 170 um largersguales and thickness
of about 100 pm.

Figure 4.29 shows the optical microscope imagingaaficrofabricated

scaffold.

Figa}e 4.29. Optical microscopy imaging of 80 laghitosan scaffold

The usage of chitosan material in robotic dispepsystems (RPBOD) but
at a different scale level compared to the microfabion technique has

been widely studied by other research grétips
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These studies revealed the necessity to use sduydnoxide (NaOH) as a
dispensing medium to neutralize chitosan thus fogmia gel-like
precipitate.

In our first attempts we tried to microfabricatatohan scaffolds extruding
the polymer solution directly into a sodium hydmiedethanol solution but
the micrometric fibres couldn’t attach to each otli@eming the final
scaffold. Comparing the microfabrication techniqui¢h other RP systems,
the extruded filament has reduced micrometric dsmers and fibres
floated in the medium. On the other side, the laghporation of the solvent
did not require precipitating the extruded filamémitsodium hydroxide to
make it solid.

Chitosan scaffolds were thus prepared by microfakion on a PET sheet
and later on treated with NaOH instead of usingagalation medium.
Figure 4.30 shows LV-SEM imaging of microfabricatddtosan scaffolds.
The final matrix resulted very thin even after 89drs of deposition, with a
film shape appearance; this is due to the low auinggon of the starting

chitosan solution.
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Acch  Spol Magn Det wo —— 2o0pm

100KV B0 106 GSE 88 0.9 Tom Chitosan NW Back

Figure 4.30. LV-SEM imaging of 90 layer chitosaaffgld at different magnifications

In general, the produced chitosan scaffold was kegdt M NaOH for one
hour to neutralize the acetic acid and then wash#ddistilled water

After the neutralization and washing steps, thepdasnwere examined with
LV-SEM and the photographs are presented in FigLge.

It can be observed that chitosan scaffolds, evesr &w deposited layers
(20 in this specific case), maintained their shaipe a regular structure after
NaOH treatment. As the previous one, the layergksto each other

forming a membrane structure.
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AccV Spot Magn  Det wn —————— s0pm
100KV 6.0 400x GSE 6.0 1.0 Tomr Chitosan W

Figure 4.31. LV-SEM imaging of 20 layer chitosarafold at different magnifications

after Na OH treatment

Preliminaryin vitro cultures studies with osteoblasts MG63 cell linerav

conducted on microfabricated chitosan scaffolds.

Chitosan scaffolds, which were not treated with Na®roke into pieces

after 7 days of cell seeding as shown in Figur@.4.3

Without NaOH washing the non neutralized matereduited to be not
stable. Furthermore cells were not present on ¢hfadd surface owing to

acetic acid still present inside the material aotdlaompletely washed away;

this made the material not biocompatible and slétédy cells adhesion.
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Figure 4.32. SEM imaging of chitosan scaffold withtlaOH treatment after preliminary
in vitro culture studies with osteoblast MG63 dilé after 7 days

4.5.2 Nuclear magnetic resonance (NMR) _

3¢ CP-MAS NMR spectroscopy has been revealed to dgmod method to
identify the degree of acetylation of chitin andtasar{®.

The chemical behaviour of chitin and related materstrongly depends on
the degree of aceticaltion (DA), a parameter defiag the mole fraction of
acetylated units in the polymer ch&in

Among all the available technigues commonly usedlétermine the DA
value™*® 3C nuclear magnetic resonance (NMR) spectroscopgésof the
most powerful, allowing a direct determination ofA@f both soluble and
non-soluble samples; no specific sample preparaioeeded.

13C CP-MAS spectrum of chitosan powder is given igué 4.33.
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At 105.033 ppm, the resonance of the anomeric carG¢l) of the

glucosamine unit is observed. The resonances ab354pm and 23.735
ppm are attributable respectively to the carbonfl)@nd to the methyl
C(8) of N-acetylglucosamine units while the resaesnat 61.147 ppm and
58.284 ppm to C(6) and C(2) correspondingly. At583. ppm, a set of
overlapped resonances is due both to C(3) and @&) resonates at
82.698 ppm.

frefl

SP 13C MASNMR chitosan commerciale C3,

100
MR

80
Lol

150 100 50 [epm]

Figure 4.332°C CP-MAS NMR spectra of chitosan

Chemical shifts of chitosan are given in Table 4.7.
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Table 4.7. Chemical shifts of chitosan obtained®yCP-MAS NMR

Functional group | Chemical shift
C=0 174.555
C1l 105.033
C4 82.698
C3 75.553
C6 61.147
C2 58.284
CH; 23.735

13C solid-state NMR appears to be the most reliaimétfe evaluation of the
acetyl content. The degree of acetylation (DA) sually calculated by
measuring the integral of the carbonyl or methybugr divided by the

integral of all the carbon atoms in the backbone.

In this study, the degree of acetylation was eveblidrom the relative
integrals of methyl group compared to the carbotegrals of the
polysaccharidic backbone. The degree of acetylatfochitosan used was

found as 22%.

4.5.3 Rheological test on Chitosan solution

Chitosan solution flow behaviour was characterizgaheological tests and
a proper working range of viscosity, in respecttite microfabrication
process, was determined.

Shear viscosity over a chosen frequency range leetiweand 100 rad/s was

measured.
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Figure 4.34 shows the resulted graphs; in particular averagmptex
viscosity is reported in Figure 3.34 A and solvevaporation was evaluated
comparing the viscosity variations after threedwefing tests, Figure 3.34 B.
Table 4.8 reports the numerical values of viscesiét specific frequencies.
In respect of chitosan solution, a significant exation was not expected
since boiling point of water and acetic acid (A)Bare quite high. Chitosan
solution showed a complex viscosity that remainsnogkt constant
(Newtonian behaviour) over the selected frequenoge.

Chitosan solution at the chosen solution conceatrais therefore very
stable, because the viscosity does not dependeoimiposed frequency and
the solvent evaporation can be neglected. Forrdason chitosan solution

yields to reproducible tissue engineering scaffolds
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Chitosan 3% in 5% Acetic Acid
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Figure 4.34. Complex viscosity plotted over frequen(A) average viscosity (B) solvent

evaporation evaluation

Table 4.8. Viscosity values of Chitosan solutioctadsen frequency values

Test frequency [rad/se¢] Viscosity [Pas]
1 1.28
10 1.00
100 0.74
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4.5.4 Differential scanning calorimetry (DSC)

Differential scanning calorimetry analysis (DSC)syzerformed on the base
chitosan powder and on the microfabricated scaffolévidence material
transitions and evaluate any possible modificabbrpolymer due to the
process.

Cast film was analysed as well as control.

DSC thermograms of chitosan powder, film and muboicated scaffolds
are presented in Figure 4.35.

Table 4.9 reports the evaluated values related &iemal transitions
obtained by DSC analysis.

The graphs evidence a broad endothermic peak tos@0FC, attributed to
evaporation of residual water or solvent, elimidatieiring the first heating
scan.

The exothermic peak at approximately 300°C, acogrdvith previous

studieé**

was due to the degradation of the main chain.

Glass transition temperature of chitosan is noartfedetectable from the
graphs even if a weak signal can be observed ahdrd00°C, especially in
chitosan film sample. In general Tg in chitosam isubject of controversy.
Being a natural polymer some properties like ctistyy, molecular
weight, deacetylation degree can show wide vanatiaccording to the
source and/or method of extraction and will infloerthe Tg.

Considering the starting heat of evaporation ofepuater and acetic acid,
2257 J/g and 402 J/g respectively, the resultingt leé evaporation of

5%v/v acetic acid solution is 2164 J/g. From thiegnal of endothermic
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evaporation peaks in the first runs the amount afew (in powder) or

solvent (film and microfabricated scaffold) evagerhis calculated and the
degradation exothermic peak is normalized to theighcmass involved

during transformation.

Some differences between powder, film and scaffadthted to the

degradation process were detected; in particulgrad@tion in chitosan
powder occurred at higher temperature and biggeuaimof material was
involved.

Since film and scaffold showed a similar behaviours possible to state
that there was not a significant degradation assedi to the

microfabrication process.

For our purposes we are not interested in knowpagiéically the kinetic of

degradation happening to the polymer at high teaipegs and which

would require additional analysis. Conversely idgimg any possible

alteration occurring to the material due to therofabrication process is of

main interest in this work.
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Thermographs of Chitosan powder fingt (B) and second run (A). Chitosan

film first run (D) and second run (C). Chitosan rofabricated scaffold first run (F) and
second run (E)

Figure 4.35.

Table 4.9. Transformations main values after DS@lyais of Chitosan powder, film and
microfabricated scaffold

+ Powder Film Scaffold
Initial weight

9.6 10.3 55
[mg]
R u n 1St 2nd 1St 2nd 1St
Onset
Temperature 48 290 52 261 50 266
[°C]
'”[tri%aa' 1828 1222 | 2091 872 767 425
Evaporated mass 0.8 0.96 0.35
[mg]
Normalized
integral 139 93 83
[J/g]

2n d
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4 .55 Attenuated total reflection infrared
spectroscopy (ATR-FTIR)

Infrared Spectroscopy analyses were performed aosam powder, cast
film and microfabricated scaffold to evidence pblsimodifications due to
the process.

ATR spectra of chitosan film, powder and microfabted scaffold are
given in Figure 4.36.

The spectra are comparable and no considerableraliifes can be
observed.

The absorption bands observed at 1580 and 1645 ama due to the —NH
bending vibration in amine groups and the stregghitbration of C=0
amide bond, respectively. The absorption at ab6461cnmi® is typical of
non-deacetylated bonds of chitosan. The broad pe&860 cri* may be
attributed to C-H stretching vibrations and -H w&tineng linked to cyclic
ring. The peak at 3300 chis due to OH linked to polymer.
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Figure 4.36. ATR spectra of chitosan a) powdefilim)and c) microfabricated scaffold

4.5.6 Dynamic mechanical thermal analysis
(DMTA)

The dynamic-mechanical thermal analysis (DMTA) ofymeric materials

in general is of great interest resulting fromgteat sensitivity in detecting
transitions and changes of internal molecular nigbdnd in probing a
phase structure and morphology of polymers.

DMTA thermographs reveals relaxation phenomenautyitopeaks in loss
factor curve. The main of them are knownoagandp relaxation. The
relaxation has been assigned to the local modeet#xation in the
amorphous phase. The relaxation related to the glass transition of the
amorphous phase is controlled by both intra- anderimolecular
interactions. It is accompanied by a distinct daseeof the storage modulus

E’ with increasing temperature and the presend&’qfeak.
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DMTA was performed on chitosan scaffold and cdst,fas comparison, to
evidence the main material transitions.

Storage modulus (E’) and loss factor (Té&n curves as a function of
temperature of chitosan film and scaffold are giveRigure 4.37.

In particular the transition at about °C3could be attributed tp relaxation,
representing a local motions of side groups inodaih, while the peak at
150°C — 178C was related ta relaxation, which is Tg of chitosan.

DMTA analysis usually shows Tg transitions much enavident if
compared to DSC analysis due to drastic drop ofHgtthermore in our
specific case a slower heating rat&Q8nin) during DMTA analysis caused
a lower Tg. When heating rate is faster there isemmugh time for the
polymer to dissipate heat energy along the polycteins and Tg is
observed at higher temperature.

Storage modulus showed a minimum value at 40°Cs Tan be explained
as a structural reorganization of packing of clatosnolecules due to an
increase of residual water mobility, volume expansiand change of
hydrogen bond strength.

As expected in the case of chitosan scaffold thdulus was lower than the

film since the scaffold has a porous weaker strnectu
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0,08

0,06

0,04

Loss factor

Loss factor

120



Part 1: scaffold production by microfabrication

4.5.7 Preliminary in vitro culture studies

After stabilization with NaOH treatment, the proddcchitosan scaffold
underwent to preliminarin vitro culture studies.

Cancerous osteoblasts (MG63) and fibroblast (MRC&I) lines were

seeded on the microfabricated chitosan scaffolds.

Two different time points were chosen: 4 and 10sday

SEM imaging evaluated scaffold and cell morpholagy well as cell
attachment and growing.

Figure 4.38 and Figure 4.39 show SEM imaging offelds after chosen
time points ofin vitro osteoblasts and fibroblasts cell culture.

It can be observed how scaffolds maintained thepe during cell culture.

Cells could spread, attach and grow on the micrafated scaffolds
confirming the biocompatibility character of the terdal; moreover pores
were easily invaded by cells.

In general, as previously observed for synthetidyrmper scaffolds,

osteoblasts grew faster than fibroblasts.
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Figure 4.38. SEM imaging of chitosan microfabricageaffold after 4 days (A, C, E) and
10 days (B, D, F) cell seeding with MG63 cell lind, B, C, D, E, F different
magnifications

As shown in Figure 4.38 (B, D, F) some chitosarffetds didn’'t show a
porous structure. The firsts layers could sometgpeead entirely on the
substrate and the following layers formed on tlist fchitosan film. The
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reason for this difference could be attributed @aoations in environmental

conditions such as temperature or air humidity.

f Y &7

Figure 4.39. SEM imaging
10 days (B, D, F) cell seeding with fibroblasts MR€zll line. A, B, C, D, E, F different

magnifications
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4.6 Results and Discussion: microfabrication of
chitosan ACP scaffolds

Amorphous calcium phosphate (ACP) is the precup$drydroxyapatite in
bone minerdf. The important release of €aand PQ ions associated to
ACP is favorable to apatite formation.

Methacrylate-based composites with ACP demonstrated this material
could promote the recovery of mineral deficiendretooth structures being
able to in vitro remineralize carious enamel leslan

The formation of “non-crystalline” calcium phospbats a kinetic
phenomenoff. The rapid mixing of the reaction solutions creastrong
interactions between &aand HPOZ ions, leading to irregular co-
ordination complexes large enough in phase to agpdrom the solution.
The following temperature-dependent transformatmdo apatite indicates
that this initial phase is isothermally metastawi¢h respect to the more
ordered apatite configuration. The conversion meisina of ACP to apatite
is auto-catalytic: the interfacial surfaces of #aerging crystalline phase
act as sites for heterogeneous nucleation, theaebglerating the rate of
conversion. Besides, the amorphous phase remaible shdefinitely if kept
dry since water is fundamental in the nucleatiarcpss.
Pyrophosphate?®;* ions were also used to stabilize ACP materiaétard
the conversion to apatite in dental applicatfdns

Thinking at the osteoinductive character of ACRipkes, their combination
with chitosan was investigated to produce micratatted scaffolds with

osteoconductive properties for bone tissue regépara
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Rheological tests were used to evaluate viscosignges between pure
chitosan and chitosan filled with ACP, to identifye optimal viscosity

range values to use inside the RP system.

Washing the produced scaffold by NaOH was fundaatdnt expose the

particles to the surface, to put them directly amtact with the biological

environmental. EDS analysis together with LV-SEMagimg confirmed the

effectiveness of the washing process.

Using osteoblasts cell line MG63 preliminary inrgittulture studies were
performed; cell morphology, attachment and growtbrevevaluated by
SEM analyses.

Finally AFM imaging was used to measure the firattiples size and their

distribution in the chitosan matrix.
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4.6.1 Microfabricated scaffold

Chitosan scaffold filled with ACP particles haviagvell ordered structures
were microfabricated as films 100um thick contagnit®0 microns square
pores (Figure 4.40).

80 overlapped layers composed the resulting scfol

The selected process parameters to develop thdolsisafwere fixed
according to the ones used during pure chitosdifosds production.

Figure 4.40. SEM images of Chitosan filled wih A@iRrofabricated scaffold

4.6.2 Rheological tests

Evaluation of viscosity changes between pure canaolution and chitosan

solution filled with ACP particles was performed Iolyeological tests.
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Complex viscosity trends as a function of frequenoy plotted in Figure
4.41.

Both the solutions show the typical polymer solatleehavior; being non-
Newtonian fluids the viscosity decreases with fesgpy. In the detail, the
viscosity of a particle loaded suspension resuttede lower than the
viscosity of unloaded solution: in fact, the comxplascosity measured at
the frequency value of 10 rad/sec (that is in tlegvténian region) for plain
chitosan solution was 1.00 Pas while for the clamd&CP solution was 0.48
Pas, that is a reduction of 52%.

The viscosity of a suspension should increase fluted concentration
following the Einstein’s theor{®. In our case the viscosity decreased, and
this is just due to the lower chitosan concentratiothe suspension.

In fact, the suspension contained ACP-chitosan @48% while the
solution was at 3% chitosan. This choice was madwdintain constant the
total amount of solid material in the solution (i3svt%) in order to produce
microfabricated scaffolds with the same amount aetanal. Nevertheless,
the viscosity reduction is quite high and could hetentirely attributed to
the reduced polymer concentration, but to impreaiseractions between

the partially dissolved filler and the polymer ahai
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Figure 4.41. Comparison between viscosity of puhidSan solution and Chitosan filled

with ACP patrticles solution

4.6.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed ouarep chitosan,
chitosan filled with ACP particles (composite) ah@P particles.

Figure 4.42 shows the thermographs resulted framthl analysis test.

As expected, the ceramic phase evidence a limiteighw loss, i.e. about
10% at 800°C. In detail, ACP presented the humidiyer release at about
100°C (that corresponded to about 3%), a progresseight loss between
200 and 400°C related to dehydroxylation phenonges finally, a sharp
weight loss between 400 and 600°C related to thedewsation of
hydrogenophosphate iofi$* On the contrary, chitosan evidenced a sharp

weight loss at about 290°C that corresponds toatdkegion phenomena in
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good agreement with DSC analysis (see chapter)4bd@reover, chitosan

evidenced a sharp weight loss of 8% at about 11if€to the loss of the

adsorbed water.

Chitosan ACP composites were characterized by lbserece of the weight

drop related to the release of the absorbed wili@reover, the degradation

phenomena at about 290°C related to the polyméase (i.e. the chitosan)

was still present, but in a broader temperaturgeamn fact, even if the

maximum intensity of the phenomena is at 290°C othlthe cases, the

onset moved down from 270 to 200°C. This fact isgneement with the

existence of some unclarified interactions betwéss polymer and the

ACP.
10
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Figure 4.42. TGA thermograph related to pure chmgghitosan filled with ACP and pure

ACP particles
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4.6.4 Preliminary in vitro culture studies

Human osteosarcoma derived osteoblasts cell lin&3Mgere cultured on
microfabricated chitosan/ACP. The seeded scaffolel® observed by SEM
analysis after two different time points (4, 10 slaysee Figure 4.43 and
Figure 4.44).

Initially, osteoblasts spread preferentially on tbe part of the scaffold,
then migration in the pores region could be obsereells were able to

extend philopodia inside the pores.

Figure 4.43. SEM images of Chitosan filled with A@#crofabricated scaffolds after 4
days cell seeding with MG63
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....... o83

Figure 4.44. SEM images of Chitosan filled with AGfcrofabricated scaffolds after 10
days cell seeding with MG63

4.6.5 Energy dispersive spectroscopy (EDS)

Energy dispersive spectroscopy (EDS, EDAX) was usedidentify
elemental composition of chitosan/ACP scaffold acef, before and after
washing with NaOH.

The aim of the analysis was to reveal the effeags of washing samples
with NaOH in order to expose ACP patrticles to thdace, thus improving
the osteoinductive character of the scaffold.

The surface analysis was conducted in combinatiith environmental
scanning electron microscopy (LV-SEM) imaging.
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During microfabrication process the ACP particles tiapped inside the
chitosan matrix for surface energy implications.

NaOH washing removed the outside chitosan layexgmsing some ACP
particles.

Figure 4.46 and Figure 4.48 show the EDS spectrachotosan/ACP
scaffolds, non-washed and washed with NaOH, resméet Tables
reporting the weigh fraction of the detected elemmsmposition on the
surface, related to each spectrum, revealed thahedasamples contained
on the surface higher quantities of phosphate aftduen than non-washed
samples. In the specific case the phosphate amiugalcontent of non-
washed sample is 1.21 and 3.00 wt%, respectivelylewin the case of
washed samples the values increases to 2.90 afidvB/4.

Generally the depth of the analysis in the sangtiependent on the applied
voltage®*>3but still superficial; in our case , this semi-gtitative analysis
confirms the efficacy of NaOH washing to exposehkigquantities of

calcium phosphate to the surface.

Figure 4.45 and Figure 4.47 are the associated EM-8naging.

-

AccV SpotMagn Det WD F——— 200pm 4 AccV SpotMagn Det WD F——— 100pm
150kV 53 100x  GSE 10.0 0.8 Torr CHITOSAN ACP nonwashed B 150Kkv53 200x  GSE 99 0.8 Torr CHITOSAN ACP nonwashed
T i :

Figure 4.45, E-SEM imagig‘f chitosan filled wliCP particles before NaOH ashing

treatment
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EDAX ZAF Quantification (Standardless)
Element Normalized
SEC Table : Default

Element Wt % At % EK-Ratio Z n F
C K 57.18 65.32 0.3151 1.0097 0.5455 1.0004
O K 38.62 33.12 0.0758 0.9929 0.1976 1.0000
P K 1.21 0.54 0.0101 0.9137 0.9179 1.0013
Cak 3.00 1.03 0.0284 0.9217 1.0294 1.0000

Total 100.00 100.00
Figure 4.46. EDS spectra and semi-quantitativeyaisabf chitosan/ACP scaffold surface

non-washed by NaOH

AccV Spot Magn Det\& - oLl i AccV. SpotMagn = Det WD

15.0kV 5.3 100x  GSE®I™ 0.6 Torr Chilg C 16.0kV 56 250x  GSEQ 7" 0 .6 Torr, Chl(oSanACPwdﬁne

Figure 4.47. E-SEM |mag|ng of chitosan filled wv@kCPpartches after NaOH Washlng
treatment
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EDAX ZAF Quantification (Standardless)
Element Normalized
SEC Table : Default

Element Wt % Bt % EK-Ratio Z A F
C K 56.64 66.11 0.2739 1.0125 0.4775 1.0003
0 K 35.00 30.67 0.0640 0.9956 0.1837 1.0000
P K 2.90 1.31 0.0245 0.9165 0.9192 1.0022
Cak 5.46 1.91 0.0517 0.9244 1.0241 1.0000

Total 100.00 100.00
Figure 4.48. EDS spectra and semi-quantitativeyaigbf chitosan/ACP scaffold surface
washed by NaOH

Figure 4.49 shows the overlapped EDS spectra dfi@chand non-washed
scaffold.
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Figure 4.49. EDS overlapped spectra of chitosan/a€#fold washed and non washed

4.6.6 Atomic Force Microscopy

Atomic force microscopy (AFM) analysis was perfodnen scaffold
surface after NaOH washing treatment to analyzettipegraphy of the
surface and to measure surface exposed ACP pasizee

Evaluation of possible reductions in dimensions ttua combination of an
erosion mechanism together with ACP dissolution eassidered.

Figure 4.50 and Figure 4.51 show the topographpescaffold surface. To
better evidence the particles a Prewitt vertideifiwas applied.

Figure 4.52 is a three dimensional view of the es surface.
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Measurement of the particle size was also perforareti Figure 4.53 and
Figure 4.54 show the topography of the surfaceyaedl and the surface
height profile, respectively.

The biggest visible particles, had a size of al&@@ nm. A reduction of the
particles size is thus evidenced if compared withdtarting particle size.
Erosion and/or solubilization followed by recry$izgdtion are the possible

phenomena responsible for the reduction of thisedision.
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Figure 4.50. AFM imaging of chitosan/ACP scaffoldface
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Figure 4.51. AFM imaging of chitosan/ACP scaffoldface. Prewitt vertical filter applied.
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Figure 4.52. Three dimensional view of a 10 x 10 square area analysed by AFM of a
chitosan/ACP scaffold surface washed with NaOH
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Figure 4.53. Topography of chitosan/ACP scaffoldeste. The line indicates the selected

area for the profile analysis
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Figure 4.54. Surface height profile
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5 PART 2: fused deposition modelling
scaffold for human osteoblasts cell
cultures

5.1 Abstract

Human osteoblasts, isolated from the tibial spobgee, were seeded on
medical-grade polycaprolactone-tricalcium phosphat®CL-TCP 80:20)
and poly(D, L lactic acid)- tricalcium phosphateD{R.A-TCP 90:10)
scaffolds produced by fused deposition modelling @ technique.
Scanning electron and confocal microscopy was wsecharacterize the
cell-substrate interaction over different time psin

In addition, once the cells had reached the conflatage, osteogenic media
was used during cell culture to induce matrix faiora The newly formed
matrix could provide a physical support forming @steoblast sheet layer
that was used to wrap the scaffold.

Cells viability was evaluated by fluorescein diatet (FDA)/ propidium
iodide (P1I) staining.

The extent of cell proliferation was examined bycd@reef™
guantification assay through the calculated cellADdv¥nount profile.
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5.2 Introduction

In tissue engineering (TE) research area livingscddiologically active
molecules and structural scaffolds are combine@tteg to form a tissue
engineering construct (TEC) and promote the repadg regeneration of
tissues.

One of the main efforts of tissue engineering (TiE)related to the
development of techniques that can be used to peosicaffolds working as
structural supports for cell seeding, attachmerawagg, proliferation and
differentiation.

Among these, rapid prototyping (RP) systems are @bproduce scaffolds
having a well ordered and reproducible structurentt| over scaffold
geometry and porosity distribution and size is plessible.

In particular, regarding bone tissue regeneratigplieation, an increasing
trend has been seen towards the fabrication ofnpedy-based composite
materials to obtain matrices having increased osteductive properties.
Producing scaffolds by composite materials comiginingether polymer
and ceramic phases nowadays is a followed strategyhis way better
mechanical properties are achieved; higher streisgtbtain by the ceramic
phase while toughness and plasticity is gained kthaon the polymeric
phase. From a biological point of view compositetarials provide a
suitable microenvironment that mimic the host tissinorganic phasg>
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In this study FDM scaffolds produced from mPCL-T&@®kd PDLLA-TCP
composites, developed for bone tissue regeneratierg cell seeded with
human osteoblasts derived by tibial sponge bone.

The use of cell-sheet assisted the cell seedingedwoe to overcome the
low surface to volume ratio of these scaffolds.

Okano’s group developed the use of single sheetsutifired corneal
epithelial cells and multilayered cardiomyocyteseets for engineering
transplantable cornea and myocardial tissues uairsgnart culture plate
technology®>’.

Morphology of the scaffolds, cells distribution agiwing was revealed by
confocal laser microscope (CLM) and scanning ebectmicroscopy (SEM)
imaging at different time points. Viability of csllwas investigated by
confocal laser imaging. A proliferation analysis swavidenced by

PicoGreefi" quantitation assay.
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5.3 Materials and Method

5.3.1 FDM scaffolds

Scaffolds of mPCL-TCP (80:20) and PDLLA:TCP (90:1)h a lay-down
pattern 0/60/120° produced via fused deposition etiod (FDM)
technique were cut into pieces having a 80°numoss sectional surface

area®,

5.3.2 Cell culture

Osteoblasts were isolated (with patient conserfsas) tibial sponge bone.
The bone chip explants ware placed in a tissuei@iftask until osteoblast
outgrowth was observed. Once 80% confluence hadredt; the cells were
trypsinized two times.

All the FDM scaffolds were sterilized by immersion70% ethanol.

Cell culture was performed by seeding each scaffeith 50000 cells
concentrated in a volume of 20 pl. After 2h of ibation, required for cell
attachment, the medium was added to each well laadged three times per
week. 16000 cells/chrwere seeded on the monolayer controls.

Five time points were chosen: 2, 9, 16, 30, 45 da&ys16 days growing
mediaa-MEM (1g/l glucose + glutamine) (Sigma Chemicalss&buri, US)
supplemented with 1% antibiotics (100 IU thpenicillin and 100pg mt
streptomycin) and 10% Fetal Calf Serum (FCS) waslusfter confluence,

at day 16, culture media was changed and osteogediection was
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conducted through the use of supplemented medigaioomg 10 nM
dexamethasone (Dex), 100 mvglycerophosphate{GP) and 50 pgmt
ascorbic acid (AA). Media was changed every 3 d#&gsday 30 matrix
formation was enough to obtain osteoblasts shbatsatere easily detached
from the well-plate and used to wrap the scaffolds.

Figure 5.1 shows the osteoblast sheet detachedthrenvell plate thanks to

the use of a plastic soft scraper.

Figure 5.1. Osteoblast cell sheet detaching fraatthvell-plate

5.3.3 Proliferation assays

To measure the extent of proliferation, cell DNA amt profile was
calculated, at each time-points by PicoGr&eguantification assay (Quant-
IT™ PicoGreen ® dsDNA - Invitrogen). At the pre-eehined time-points,
cell-scaffold constructs and monolayers were washd®BS solution, then
incubated in a enzymatic solution, 0.5 mg/ml Prase K in PBE overnight
at 37°C to detach/lyse the cells on the scaffolike resulting cell

suspensions were then collected and mixed with Gtigen dye at 1:1
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volume ratio. The mixtures were read using a sppbttometer for

fluorescence at 520 nm with excitation wavelendth8b nm.

5.3.4 Scanning electron microscopy (SEM)

Morphological observations were performed with cgitimicroscopy and
scanning electron microscopy (SEM) (Quanta 200 Sogn Electron
Microscope — FE — operating mode: low vacuum, gasesecondary
electron GSE detector).

Before imaging, biological samples were fixed byngsa glutaraldeyde
solution (2.5% glutaraldehyde in cacodylic buffetusion, 0.1 M, PH=7.2)
to preserve the structure of living tissues. Thendamples were dehydrated
by dipping in a series of aqueous ethanol soluti@ts increasing
concentrations. Prior to SEM imaging, samples vegngter coated (Biorad
SC500, Hemel Hempstead, UK) with a thin layer ofidgin argon
atmosphere (1,4 mA at 5x1@or 1 min).
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5.3.5 Cell staining and confocal laser
microscopy imaging

Evaluation of cell attachment and growing on thedsel scaffolds was
performed by confocal laser microscopy (CLM) (Lei8R%5, Germany)
after rhodamine phalloidin and DAPI staining acoogd to the
manufacturers’ protocol (Molecular Probes Inc., gore USA — Product
codes: R415 and D1306 respectively). Fixation wahformaldehyde
solution (4% formaldehyde in PBS solution) and peailization with
TritonX (0.2% TritonX in PBS solution) was perforthbefore staining.
Qualitative cell viability was assessed using fasmein diacetate—
propidium iodide (FDA—PI) staining, following theamufacturers’ protocol
(Molecular Probes Inc., Oregon, USA — Product code$303 and
P1304MP respectively).
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5.4 Results and Discussion

5.4.1 Optical imaging

Optical microscope imaging were taken at each fmiat to evidence the
bridging mechanism used by osteoblasts to groweatorners of the pores.
This mechanism is evident when cells reach a cel¢aiel of confluence on

the scaffold surface: in this experiment from déyas showed in Figure 5.2

and Figure 5.3.

Figure 5.2. Optical microscope images of mPCL:TCRffslds. The arrow indicates the

bridging mechanism that cells use to grow in thenepof pores
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Figure 5.3. Optical microscope images of PDLLA:T&#affolds. The arrow indicates the

bridging mechanism that cells use to grow in thenepof pores
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5.4.2 Confocal laser imaging: Phalloidin
rhodamine and Dapi staining

Cells structure was evidenced by confocal laseraosgopy (CLM) after
Phalloidin rhodamine and Dapi staining.

In particular Phalloidin rhodamine stained the osfioskeleton resulted in
red fluorescence while Dapi stained the cell nuciesulted in blue
fluorescence.

Both the materials were tested over the predeteuniime points.

Figure 5.4 and Figure 5.6 show the CLM imagingtfee mPCL:TCP and
PDLLA: TCP materials respectively.

Figure 5.5 and Figure 5.7 Iillustrate cell morphatsg at higher
magnifications.

Transmitted images are also reported (smaller is)agebetter evidence the
scaffold structure.

From the images no pronounced differences can tieeddoetween the two
materials.

Cells could spread over the scaffolds uniformlytsig from the polymeric
matrix, and then filling the pores, by a bridgingchanism, starting from
the corners of the matrix.

The arrows in Figure 5.4 and Figure 5.6 underlime growth of the cells

from the corner of the scaffold.
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30 days

Figure 5.4. mPCL.TCP (80:20)

scaffold cell seeded with human

osteoblasts. Phalloidin Rhodamine
and Dapi staining at different time
points. The arrow shows the
bridging mechanism cells use to
grow from the corner of the
structure. The small images are the

transmitted micrographs
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Figure 5.5. mPCL:TCP (80:20)

scaffold cell seeded with human

osteoblasts. Phalloidin Rhodamine
and Dapi staining at different time

points. (40x original magnification)
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Figure 5.6. PDLLA:TCP (90:10)

scaffold cell seeded with human

osteoblasts. Phalloidin Rhodamine
and Dapi staining at different time
points The arrow shows the bridging
mechanism cells use to grow from
the corner of the structure. The small
images are the transmitted

micrographs
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Figure 5.7. PDLLA:TCP (90:10)
scaffold cell seeded with human

osteoblasts. Phalloidin Rhodamine
and Dapi staining at different time
points. (40x original

magnification)
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5.4.3 Confocal laser imaging: fluorescein
diacetate—propidium iodide (FDA-PI)

Osteoblast viability was evaluated by confocal dasgcroscopy (CLM)
after fluorescein diacetate-propidium iodide (FDB-Btaining. In fact,
FDA stains viable cells green while Pl stains ngcrand apoptotic cells
red. The assay was done according to previoushjepeemined protocols.
Osteoblasts seeded over the two FDM scaffold nssanere monitored for
the chosen period of time. Every time point washexad.
Figure 5.8 and Figure 5.9 show the CLM imaging rafséaining of
mPCL:TCP and PDLLA:TCP, respectively. The transeditimages are also
reported (small images) to better evidence theadastructure.
In both the materialgiable cell number increased with time but at d&ya4
reduction of viable cells was viewed.

This was most likely due to the high cell densitgay 45.
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Figure 5.8. mPCL:TCP (80:20) scaffold cell seeddth lauman osteoblasts. fluorescein

diacetate—propidium iodide (FDA—-PI). The small imagre the transmitted micrographs
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-~ »

Figure 5.9. PDLLA:TCP (90:10) scaffold cell seedeith human osteoblasts. fluorescein

diacetate—propidium iodide (FDA—-PI). The small irmagre the transmitted micrographs
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5.4.4 Scanning Electron Microscopy (SEM)

Cell adhesion and growth behavior was evidencedsdanning electron

microscopy (SEM) imaging.
Figure 5.10 and Figure 5.11 show the SEM imagimgrfBCL:TCP (80:20)
and PDLLA:TCP (90:10), respectively, at the prefix¢ime points.

Different magnifications are reported.
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osteoblasts at different time points. The arrowidateés cells bridging mechanism at the

matrix corners
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H
18.2 mm

Figure 5.11. EM imaging of PDLLA:CP (9:10) soddif cell seeded with human
osteoblasts at different time points
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5.4.5 Proliferation Assay — PicoGreen ™

To measure the extent of proliferation, cell DNA aamt profile was

calculated, at each time-points by PicoGf&equantification assay.

Figure 5.12 represents the trends of DNA amouriilprmeasured over the
predetermined time points. DNA amount profile foomolayer cell culture
is reported as well.

From the graph it is possible to say that there masncrease of DNA
amount during the first two weeks. Then a plateawisible for both the
materials.

This trend is expected and confirms the morphokdgievaluations
previously showed by CLM and SEM imaging (chaptes.2, 5.4.3 and
5.4.4). During matrix formation, after day 16, saflon’t grow significantly.

2 days

Osteogenic medium

1 week 1 week 2 weeks l 2 weeks

400

——PCL-TCP
—8—PDLA
monolayer

300

DNA (ng/ml)

N
S
3

100

2 days 9 days 16 days 30 days 45 days

Time point

Figure 5.12. DNA amount profile as a function oftating time
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6 Conclusions

Tissue engineering, involving the use of living Isednd extracellular
components from either synthetic and natural polgmaims to regenerate
tissues and restore or replace deteriorating erdgological structures.
The research work revolves around the use of almayed prototyping
technique to produce ordered scaffolding supporith v micrometric
resolution.

Microfabrication system was developed and used amlgination with
synthetic, PDLA and PLGA, and natural, chitosarymperic solutions.

The reproducibility of the technique was achievaanbining together
proper process parameters and solution viscoshaterial characterization
tests were used to assess possible material matehis due to the process
and establish polymer solution viscosity workingnges suitable for
obtaining well ordered microfabricated scaffolds.

Thinking at the osteoinductive character of ACPtipks the combination
with chitosan was evaluated to microfabricate std§ for bone tissue
regeneration application. Superficial analyses akack the effectiveness of
NaOH treatment to expose the ceramic phase toidhegiral environment.
Preliminary biological tests allowed to evaluatellsceattachment and
penetration. In particular different scaffold moopdgies with micrometric
structures were produced and cells behaviour washered.

The second part of the work dealt with human odsstb cell culture on
fused deposition modelling scaffolds for bone repaid restoration. This
rapid prototyping technique makes use of thermdiglg®lymers which are
extruded on a platform; the final 3D scaffolds fesio have higher
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porosities compared to microfabrication; thus deentoward different
applications. Cells morphology, viability and pfetiation were examined.
The possibility to have a system able to fabricajgroducible scaffolds
with a micro-resolution represents a big potental tissue engineering
applications. Future microfabrication develops doxdmprehend the design
of scaffolds having gradient of porosity, thus wagyspecifically inside the
same structure. This could offer a great advaniagthose applications
where porosity is not necessarily constant amoaguiole structure.
Furthermore a challenging objective is to develbp ticrofabrication
system for organ or tissue printing, a novel cohdapwhich cells and
hydrogel matrices are spatially organized into taeglehybrid constructs,

with controlled architecture and defined cellulEagement.
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