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ABSTRACT

Abstract

Tissue engineerir{@) is an interdisciplinary field in which cell biolgg
biomaterials science, and surgery are combined isndhain goal is to
repair, replace and reproduce tissues and organs.

Following this procedure, cells are seeded on prepaffolds and induced
in sequence to adhere, eventually differentiatelifprate and finally to
produce the wanted extracellular matrix (ECM). Dgricell culture, the
usefulness of applying proper physiological-likenstli, i.e., biochemical
but also mechanical signals to drive and acceldyatle cell differentiation
and ECM production has been demonstri@ed

Tissue regeneration can be either conducted entirelivo or assisted by
previousin vitro phase. Considering the latter situation, a biomracan be
defined as any apparatus that attempts to mimisiplogical conditions in
order to maintain and encourage tissue regenerationdynamic
conditiong3). Dynamic cell culturesisingbioreactors can be considered a
good intermediate step between the conventiamalitro static approach
andin vivo studies.Therefore it is possible to promote the formatidrihe
specific tissue by simulating physiological conaits via the application of

specific mechanical and biochemical stimuli.




ABSTRACT

The proposed work is focused on the design andoj@vent of bioreactors
for bone and cartilage regeneration, in which optioell culture conditions
are controlled (temperature, nutrients, carbon ideand oxygen levels),
and mechanical stimuli are applied on the cell toess. This study
presents a wide investigation concerning these arecal stimulations in
order to understand the best cell culture paramdterthe activation®f

cells, naturally accustomed to similar stresseslénthe joint.In particular,

direct compression, change in hydrodynamic presandeperfusion modes

are compared and analyzed.




INTRODUCTION

1. INTRODUCTION

1.1 Cartilage

Cartilage is a connective tissue highly specializedguarantee support
functions, load bearing behaviour, low friction anslcoelastic properties to
absorb stresses and shocks. Cartilage properéidstiea complex structure
characterized by low capability of self-regenenatmd absence of vascular,
neural and lymphatic systems, making cartilage detaly different from
other tissug#).

Cartilage is composed by cells, called chondrogysesd extracellular
matrix ECM. Chondrocytes are immersed in the ECM antrient transfer,
oxygen supply, cellular signaling are ensured byosial fluid diffusion
throughout the matrix. In fact, due to the absenfedirect systems,
biological substance exchange occurs only by ddfusnechanisms causing
a low tendency to regenerate spontaneously afterages. During the
organism development, especially in fetal life, mo$ the skeleton is
cartilaginous and subsequently mineralizes. In,fagen if cartilage and
bone are both connective tissues, bone has a higireent of calcium

phosphate and is also vascularized.
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INTRODUCTION

1.2 Cartilage types

In human body, three main types of cartilage cafobad: elastic cartilage,
fibrocartilage and hyaline cartilage. Elastic dage appears opaque and
yellowish, and it is principally present in the @gpitis, Eustachian tube,
outer ear and larynx. This tissue is composed astiel fibers, and results to
be more flexible than hyaline cartilage, althoulgéytare histologically very
similar. Fibrocartilage is found permanently in tiervertebral disc,
temporomandibular joint, pubic symphysis and margsanoreover it is
often present temporary in fracture sites. It app@a a dense and fibrous
tissue. The third type, hyaline cartilage, mainbists in ribs, larynx,
trachea, bronchi and on articular surfaces covehegroximal part ofong
bones involved in the joint area. In addition, lyalcartilage also forms the
epiphyseal plate which is replaced by long bonesnduthe childhood
growth. In general, articular cartilage appearsaashin coating, thick
approximately between 1 and 5 mm, on the contatasel of the joint and
it looks like a ivory coloured tissue with a vergpneoth surface. In this
chapter, the hyaline cartilage characteristics digcussed in detalil,
concerning the structure and the biomechanical\behaof this tissue in

the joints and in the meniscus of the knee.

1.3 Hyaline Articular Cartilage

The main function of hyaline articular cartilagetesensure a viscoelastic
structure which can sustain mechanical loads injdives and reduce the
bone deformation during movement, allowing relatis#ding between
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INTRODUCTION

articular surfaces. Therefore the contact regiostrhave a low coefficient
of friction and the stresses must be transferretcalthe interface at the
same time. In summary, the main cartilage feataresfriction reducing,
relative motion transferring, load bearing and riisition. However, the
shock or stress absorption profiles result to béeddifferent compared to

damper behaviour, as described in the next parhgrap

1.4 Composition of Hyaline Cartilage

The mechanical properties of articular cartilage giwven bythe presence of
synovial fluid, which may flow out from the poroosatrix when cartilage is
stimulated by compression. The basic componengstmiular cartilage can
be divided in two different phases, solid and l&quihe solid structural
components include chondrocytes, collagen, proyeagls of the
extracellular matrix and other proteins, while tiiguid part consists of
synovial fluid and water. The distribution of eaobmponent may change
within four distinct histological zones: superficiamiddle, deep and
calcified zone. In figure 1.1, it is possible tosebve the typical composition
of articular cartilage in meniscus or intervertébdéscs. As previously
mentioned, chondrocytes (from Gredtondroscartilage andytoscell) are
the only cells found in cartilage tissue. Cells gwhheir maturity is reached,
occupy only a small fraction of the total volumelare trapped in capsules,
called "lacunae". Chondrocytes present a roundageskvhich may change
slightly along the tissue section, acquiring aditirientation. Chondrocytes
are also characterized by a limited mitogenic cipaespecially in old

12



INTRODUCTION

cells, and by a very slow anaerobic metabolism. dhacytes present a
membrane with numerous protrusions, having an higlelveloped Golgi
apparatus, and may be binucleated. These cellsupeodnd maintain the
extracellular matrix, which is principally composday collagen and
proteoglycans. The extracellular matrix ECM repneseéhe 90-95% of the
total dry volume, while cells only the 5-10%. Thetracellular matrix is
macroscopically homogeneous, although at microsdepel, the structural

and compositional characteristics change, movimgnfrouter surface to

bone.
Tizsue Collagen Prowoglycan H; O
(4 dry wi.) (% dry wi.) (%6 wel wi

Articular cantilage 573 15-30 58-78
Meniscus T5-80 2-6 ~7
[ntervertebral disc 15-25 ~30 T80

- nucleus pulposus

- annulus [ibrosus S0-Tik 100-243 BT

Fig.1.1. Composition of articular cartilage, menisas and intervertebral disq5, 6,192).

Collagen is the main protein of animal connectigsues, and is the most
abundant protein in mammals (25-30% of the totadtggn amount),
representing approximately the 6% of human body ghtei The
tropocollagen is the collagen structural unit, at@in with a molecular mass
of approximately 285 kDa, composed by three poltidepchains in alpha-
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INTRODUCTION

helical conformation. The collagen biosynthesis dan carried out by
different cell types depending on the tissue. Tibeymthesis begins through
the gene transcription and the subsequent mRNArat&dn. However, the
process is completed outside the cell where trdfagen can be
synthesized. The tropocollagen molecules are speatsly arranged in
parallel staggered rows through hydrogen bounds @memical cross-
linking, forming semicrystallindibrils. Finally, fibrils may aggregate in
waved or parallel fibers. Collagen has a high l@fedtructural organization
and several types of collagens can be found. Gatlagpe | and type Il are
predominant in articular cartilage. Collagen typie mainly present in the
fibrocartilage and in the main connective tissuashsas skin, tendons,
bones and cornea, and represents nearly the 9@8& ¢btal collagen in the
body. Instead, collagen type Il can be found mosthhyaline cartilage,
intervertebral discs and in the vitreous humor. Dweits structure,
composed by fibers and fiber threads, collagen avgs the tensile and
shear strength, providing stiffness to the tissue.

Proteoglycans, which are immersed in the collagetwork, are another
important component of cartilage. Proteoglycanscareposed by a proteic
axis, calledcore, where long chains of disaccharides or glycosagiyoans
(GAG) are linked through covalent bonds. Proteogiygccan be divided in
two types, sulfate and non-sulfate compounds. Treedroup is constituted
by chondroitin sulfate, keratan sulfate, hepardfasaiand dermatan sulfate.
The second consists mainly of hyaluronic and chaitidracid. The main

property of these polymeric molecules are givemdigic sulfonic acid S©
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and carboxylic acid COQerminal groups mostly deprotonated, which thus
introduce a strong negative charge. Proteoglycarssgss the ability to
interact with other elements or with each othenniog a network structure
with densified meshes, providing a filtering actidn fact, GAGs are
located in the extracellular matrix in order tdefil cell nutrients and other
substances; in addition, a large amount of waterbeastored thanks to the

negative charge, regulating the hydration levehmtissue.

Second Globular C-Terminal
Domain (G2) Domain (G3)

HABindin? KSRich  CS-Rich
Domain (GY)| Regiun Region

Link Proteins  Hyaluronate
(HA) [

-

Protein Core
Keratin Sulfate Chondroitin

Chains (KS) Sulfate
Chains (CS)

A Proteoglycan

Fig.1.2. Proteoglycan structuré7,193).

Consequently, water retention and the described Gw@Gvork can also
perform a support function to compressive forcégang up a resistance 65
times the human body weight. Figure 1.2 shows tiséepglycan structure
in two different sections. Water and synovial flusde the last main

component of articular cartilage, representinggaificant volume fraction
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of the tissue, between 58% and 78%. In articulatilage, water provides
the chondrocyte nutrition by diffusion and also te@ms inorganic ions in
solution, such as C§ Na', K" and ClL. The 70% of water binds to
proteoglycans, while the remaining 30% to collaggviater is usually
concentrated on the surface. Thanks to the inieracbetween the
molecules in the extracellular matrix, viscoelasbehaviour can be
achieved. Therefore, water may freely move in ttagrix and between the
fibrils, providing mechanical and tribological pexties to cartilage and
adjusting tissue deformation during load. In syab¥iuid, hyaluronic acid
and glycoprotein, such as lubricin, proteinases| esllagenases, are also

contained.

1.5 Anatomy and Function of Articular Cartilage

The cartilage can also be seen as a biphasicecetastiporous material, with
a heterogeneous structure at a microscopic lewekhich it is possible to
distinguish layers with different properties rethte different collagen fiber
orientations. As previously mentioned, almost 80% tle tissue is

composed by water. The mechanical properties aaragteed by the
network of collagen type Il and proteoglycans, ihieha collagen fibrils

ensure the tensile strength and biomechanic resistavhile proteoglycans
promote viscoelastic behaviour allowing also comepi@n strength and
recovery properties. Subsequently, depending ometipgired properties and
functions, the component distribution must be oiyash The extracellular
matrix ECM must provide a specific organization ahsktribution starting
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from chondrocytes, which synthesizes the moleculesaddition, low
mobility, induced by ECM, prevent the migrationather cell types within
the tissue, such as macrophages. Chondrocytes istidbuded in the
micropores of the tissue exhibiting several conpastwith the matrix, to

evaluate the status and the biomechanical behawefdbe tissue.

mael Manow
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Fig.1.3. Hierarchical level of articular cartilage(8).

These connections are crucial to maintain the nbrpienotype, and
explain the cell low mobility. The articular casje presents a complex
structure hierarchically organized. In figure 1t3sipossible to observe the
hierarchical nature of articular cartilage in tloénf, which is divided into
five levels depending on the analyzed scale dinoassiThe first level (fig.

1.3 top left), shows the macroscopic compositectire of the joint, which
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is composed by bone, cartilage, ligaments, tendomsscles and joint
capsule. The next level (fig.1.3 top right) repoatssketch of the joint
surface, in particular it describes where the segsre transferred between
bones. In the third level, betweenuin and 100um, cartilage does not
appear as a homogeneous matrix anymore, but afispecganization,
which contains chondrocytes and collagen typehliil§, is presentin the
fourth and fifth levels, the micro- and submicrgsicoorganization of the
main solid components is shown. It is possible bseove the individual
collagen fibrils and the proteoglycan network betwe.0lim and Lum,
while at ananometer level the molecular structures of prdi@ams and
collagen are schematized. This brief descriptiamoisenough to explain the
complex mechanical behaviour of cartilage, in faot, important key to
understand the tissue properties is to considerirtteraction between
structures, water and the electrolytes. Thus/flthid-solid interaction may

be considered the main cause of the cartilage meiacharacteristics.

1.6 Organization and Hierarchical Structure of Cartilage

The cartilage organization at a microstructuralelegan be summarized
considering 4 regions: the superficial or tangérgane, the middle zone,
the deep zone and the tide mark or calcified zainere cartilage is joined
to the subchondral bone. The summary layout isrtegon figure 1.4. The

highest amount of collagen is contained in theaswafzone, about 85% of
the dry weight. Collagen fibrils are packed andewted parallel to the
surface, which underlines how the main functionhef first zone in hyaline

18
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articular cartilage is to withstandhear stresses. The collagen content
generically decreases up to the tide mark, reachinglue of about 68% in
the middle zone. The surface zone is a fractiorthef total thickness,
between 10% and 20%. In this surface region, tbdymed proteins behave

as a lubricant, further reducing the shear stresses

— Articular surface

Zones

Superficial tangential (10-20%) |

Middle (40.60%) — —

R
\
!
DMP[(’IM)—(\- AT Tide matk
et al e
costuacungs  GHTRR Ry St von
s e
Section T e

& | - Deepapes (30w
s Calkiled are

Fig.1.4. Cartilage section (left) and top view (rigt)(5, 6, 8-10, 191-193).

The middle zone has a high content of proteoglycand a randomly
distributed collagen fibers which appear to be khic The middle zone
represents the 60% of thieickness. In the deep zone, which is about 30%
of the thickness, collagen fibers are longer andicadly oriented, in order
to improve the stress distribution and the compvesstrength. The tide
mark is the interfacial region of junction betweeartilage and bone.
Thanks to the fiber disposition, stresses at therface are reduced. In fact,

this calcified region presents collagen fibers amet to the subchondral
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bone. The scheme described in this section andglaxthieved by optical
microscopy are shown in figure 1.4 as well as tpeview of the collagen
fibers distribution on the articular cartilage betknee. In the outer zone of
articular cartilage and meniscus, the collagenil§ibare arranged in a
circular way and are more organized compared wiitidla zone fibers.
This orientation can increase considerably theilessrength in the outer
cartilage.

1.7 Mechanical behavior of articular cartilage

As previously described, the hyaline cartilage cosfjon presents two
main phases, fluid and solid one. The first corstaimter and electrolytes,
and the second is composed by collagen (typehemieniscus and type I
in the joint), proteoglycans, glycoproteins and rorcytes(191) The

specific constituent contents are shown in thestabfigure 1.5.

Tissue Water Collagen Froteoglycans
Articular Cartilage 68-85% 10-20% (typeI) 5-10%
Meniscus 60-70% 15-25% (type II) 12%

Fig.1.5. Component contents in articular cartilageand Meniscug5, 6, 193).

The three components reported in the table (wataillagen and
proteoglycans) interact with each other determinitige mechanical
behavior of cartilage. A variation of component tems of a specific tissue
portion, for example due to diseases or degenasatan lead to significant

changes in mechanical properties.
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In the extracellular matrix, proteoglycans are aggted in the collagen
network, also absorbing about 30% of the total watmtent. The water
content, but also the collagen fiber diameters, determined by the
swelling pressure due to accumulation of negativarge density (fixed
charge density FCD) on proteoglycans. The swellprgssure is the
developed pressure inside the tissue, which alkbvsvater absorption. In
other words, thanks to the strong negative chaggesn by proteoglycans,
repulsion forces are generated, which can only dadralized by positive
ions contained in the surrounding fluid. The difiece in ion concentrations
can be considered the driving force determining shvelling pressure. In
this way an increase in repulsion forces and smglipressure can be
achieved when water is released such as by connmmed&/ater content
finally depends on various factors related to prglgcan concentrations
(which also influence the FCD and the swelling pues) and to the
organization, distribution, stiffness and strengththe collagen network
playing a retained function on the tissue and naaimg the structure
compact. In fact, cartilage tensile strength is wmnmly attributed to
collagen. Thus, cartilage is a dynamic system whesiponds to the external
environment. The collagen network must resisth® swelling pressure of
the articular cartilage. When the collagen netwadegradation occurs, such
as in osteoarthritis, water content in cartilagereéases due to an increase of
negative charge. Fluid variation can significantiter the mechanical

behaviour of cartilage.
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1.8. Viscoelastic Analysis of Articular Cartilage ad Meniscus

As widely described, the three main factors, whsontribute to influence

the articular cartilage mechanical behaviours,theeswelling pressure, the
elastic properties of the solid matrix and the diaplid interaction in

cartilage under compression. In this chapter, tfieence of ECM structure

on mechanical properties is examined.

1.8.1 Solid Matrix Propertieg191)

As a first analysis, the tensile properties andstiig matrix behaviours will
be considered. Considering most of the soft tissaearacterized by low
stiffness matrix and randomly orientated fiberg $lolid matrix mechanical
behavior is determined by the collagen fiber contamd by their
arrangement in the cartilage matrix. In figure iLi8 possible to observe the
classic J-shape stress-strain curve for a softriaht&he graphalso shows
clearly the first non-linear trend and the fractwed. The first region
corresponds to the re-orientation and alignmentfibérs, principally
composed by the biological macromolecules previouséscribed. In
general, elastic modulus is calculated using theali slope which coincides
in first approximation with the stiffness of thegaled collagen fibers. This
assumption may also be applied for the fractureawelr . In figure 1.6(a),
a typical specimen to test the mechanical propeisieeported. It is possible
to observe how a variation in collagen content a#iect the mechanical
properties of cartilage, in terms of structural &@aburs. In figure 1.7(a),
some experimental data found in literature are samp®d, in which the

22
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reported elastic moduli correspond to the lineartipo of the measured

tensile curves in different regions of cartilage.

Young's Modulus = o/e 20
__E’:—' | © HWA
= A LwaA

Failure Surface

o [H (- Zone

Linear Heéion

Toe Region

TENSILE STRESS, o ( F/A )
Tensile Modulus (MPa)

A) Collagen/Proteoglycan Ratio B)

Fig.1.6. (A) J-shape curve and test specimen; (B)&ph: Tensile Modulus vs
Collagen/proteoglycans ratig9, 191).

The results listed in the table (figure 1.7(a)) banconfirmed analyzing the
graph in figure 1.6(b), which plots the measuredsde modulus as a

function of the ratio between collagen and protgcagh contents in cartilage

matrix.
Bovine Canine Human
Glenoid Humerus Femoral Groove Femoral Condyle
Groave Cuandyle
Superficial 59 13.4 274 233 13.9 7.8
Middle 0.9 2.7 3.4 4.0
Deep 0.2 1.7 1.0 A)
Normal (W[Pa) Fibrillated {MPa) OA (MPa)
Surface 7.8 7.2 1.4
Subsurface 4.9 5 0.85
Middle 40 49 211 B)

Fig.1.7. (A) Elastic Moduli of different part of catilage; (B) Tensile modulus during
tissue degeneratio(9,191).
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Osteoarthritis (OA) are the main cartilage diseageswhich tissue
degeneration and a significant change in solid imatiechanical properties
are found. As explained by histological analydmss dysfunction is caused
by the collagen fibers breakdown. The table (figlrg(b)) shows how the
elastic modulus decreases with the pathology degtae; Fibrillated
corresponds to an intermediate situation where disfect is filled with
fibrocartilage. Being a soft tissue, cartilage aatnshow a linear trend and
can be considered hyperelastic. Consequently, alss possible to derive
the strain energy function to calculate the refetiop between stress and
strain. The following function can be assumed:

W =k(e®*® - E) 1)
where k and B are material constants anfl is the Green-Lagrange
deformation. Differentiating the function on theast E, the stres$ can be
obtained:

_OW _ BE _
=g = BkE™ -1 )

1.8.2 Compressive Fluid-Solid Properties

As previously introduced, the fluid-solid phaseenaiction plays a crucial
role in the mechanical behaviour of cartilage. Wager flow out determines
the tissue behaviour, in fact the compression ptgsestrongly depend on
the fluid ability to flow in or out from the tissudhis behaviour can be
described by the cartilage permeability. The mgtexmeability is governed

by Darcy's law. Darcy's law relates the expellegtion volume through the
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porous solid (discharge) with the applied presguaglient and the hydraulic
permeability coefficient k. Darcy's law is expresseathematically by the
relation191):

0= k[AI\‘][AP 3)

whereQ is the volumetric flow ratgm®s], k is the permeability coefficient
[m*Ns], A is the surfacém?], 4P is the pressure gradiefid/m?] andh is
the sample thicknesfm]. The permeation rat& can be obtained by
differentiating Q on the surface. The diffusion resistance coefficik,
which can be defined as the resistance generatéadebyquid on the solid,
is determined through the equation 4:

o 2
whereK is the mentioned resistanéeis the permeability and the remaining
term @y, is the fluid volume fraction. The permeability alodd distribution
between liquid and solid phases are the basic pisoé the biphasic theory
in articular cartilage, and can be summarized bews(191)

= the isotropic or anisotropic matrix can assumetielas hyperelastic
behaviours;

» the solid and fluid phases are considered incorsfires Thus, it is
clear how cartilage can be compressed only whenflthd is
completely expelled from the tissue;

» the dissipated energy corresponds to the energyuogotion during

fluid expulsion through the matrix;
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= the friction caused by the fluid-solid resistanse proportionally

related to the relative velocity, through the cmééht K.

The equations of dynamic equilibrium (5) can betten according to the

biphasic theory, as follows:

S f
00 ) +K(VS_Vf):O : ()O-—U+K(Vf _VS):O (5)
oX. oX.

J J

where aSi,- and O'fij are the stresses along the i-j principal dire&jon
respectively for the solid and the fluil,is the resistance coefficiens is
the solid speed and; is the fluid speed. This theory summarizes the
cartilage mechanical behaviour under compressios. ekample, it is
possible to observe figure 1.8. In this specificsecafluid can not
immediately leave the matrix due to the resistaipoent A) therefore the
system has a tendency to retain a high level @ssés. In this way, the
cartilage atpoint B can no longer deform and an increase in the sbtaks
can be observed. When the fluid leaves the ti§soiats C-D) stresses are
transferred to the solid matrix and hence are Bamtly reduced.
Equilibrium modulus and permeability coefficient am@o key material
properties in the described theory. The equilibrimeodulus corresponds to
the cartilage stiffness after the total fluid floart (point E)

However, under normal conditions, the GAGs contiire proteoglycans
possess a sufficient negative surface charge tw gravater and ions from

outside, causing an increase of the internal pres3ine generated swelling
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pressure is counteracted by the collagen network lay the applied
compression.
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Fig.1.8. In figure the loading and unloading behawiurs are reported4).

In advanced osteoarthritis (OA), the permeabilitgreases due to collagen
fibers loss; consequently the maximum stress aedielring the fluid flow
out decreases, causing a rise of the stress exemtede solid phase. The
increased stress on the solid matrix can incrdsséidsue damage, creating
a “vicious loop” which leads to a further tissue degenerationigaré 1.9
ECM structure and collagen network are reportece @ticular cartilage
viscoelastic behaviour can be summarized as follows
» the liquid flow out, due to the compression, mayeralthe
viscoelastic properties of cartilage (Figure 1.8);
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» the stress-strain relationship is not linear, amgethds on water
content in the system,;

= different behaviour of the tissue whins subjected to compression
or tensile stresses;

= resilience: low permeability prevents a quick wagueeze out from
the cartilage. Thus, the fluid phase "protects" $béd one during
impacts or shocks, preventing matrix damage;

= anisotropy;

= very low friction coefficient: ankle 0.005 - 0.0Rjp: 0.01 - 0.04;
graphite on steel: 0.1, UHMWPE (Ultra High MoleauM/eight
PolyEthylene) on cobalt-chromium: 0.01 to 0.05.

o Interstitial flud
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Fig1.9. ECM structure, both collagen and proteoglyans are showi(7-9).
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1.9. State of the art in articular repair and regemration

1.9.1.Hyaline Articular Cartilage Injuries and defects

Articular cartilage is a highly specialized conmeettissue which must
sustain considerable mechanical stresses while ringstan extreme
smoothness between articular heads. Due to theletargbsence of blood
vessels and nerves, cartilage exhibits little ssfenerative capacity when
an injury or a disease occurs. Cartilage lesiomshma classified as full or
partial thickness defects, depending on the inflegth the subchondral is
respectively exposed or rfdl). Cartilage damages are usually caused by an
excessive load, which leads to an alteration asd & the macromolecule
organization in the tissue. In fact, traumatic riga can occur due to a
sudden impact or movement and can be direct oredabyg other events
(indirect), such as ligament tears. Repeated extt@gtions can also lead to
wear damages or to osteochondral fractures, whighsists of the
detachment or laceration of cartilage-subchond@iebinterface. Other
lesions may take place by congenital or metabaieases, such as Paget’s
disease, hamemophilia and acromegaly. Cartilagectlebn also be acute
or chronic. The natural tissue degeneration cabyea pathology, old age
of the patient or as a result of a mechanical actialso known as
osteoarthritis, is the deterioration of the protgogn gel, which leads to a
reduction in water content, a decrease in the nmecalaproperties and
finally a consequent wear. The healing capacityaopartial thickness

disease depends principally on the defect dimengiddith and depth), on

29



INTRODUCTION

the position on the joint and on the patient agdatt, the articular cartilage
has not a strong inclination to a spontaneous exgéon. It is well known
how only small lesions may be filled with fibroakginous tissue, while
larger defects are rarely self-healed, incurringairmprogressive complete
degeneration. Full thickness lesions induce a Jasquoliferation response
which produces only fibrocartilage. This naturabgess of cartilage is
mainly based on the effusion of mesenchymal stdls ftem bone marrow.
Several techniques for partial defect care tidleeadvantage of this natural
mechanism. After the surgical drilling, the suboti@h bone occurs
infiltration of stem cells from the bone, resultimgtissue formation which
mainly consists of fibrocartilage. Although fibrocartilafiés and covers the
defect, the newly formed tissue is not the cormectterial in terms of
biomechanical properties. Fibrocartilage is a weabkstitute of hyaline
cartilage and tends to degrade rapidly with tinre.fdct, fibrocartilage
principally may resist under tensile stresses, avilile main function of
hyaline cartilage is to counteract compressionssesg, long and variable
load cycles and finally shear stresses. In additituming the regeneration,
the fibrocartilage close to the normal tissue magdme necrotic, with a
none or a slight remodelling in hyaline cartilagdyoin the centre of the
defect. Several studig42) have demonstrated how the 40% of patients,
treated with arthroscopic knee surgery, in orderfilothe defect with
fibrocartilaginous tissue, have reported a stroaegetheration of the formed
tissue. For many years, the main cartilage hedofiniques were more
focused on the repair or regeneration of the dathégsue, rather than the
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filler properties. However, these techniques hd@w poor successful due
to the complex properties and histological charsties of the
cartilag€13). Now, it is important to distinguish between thencepts of
"repair’ and 'regeneratiofl in order to choose the most appropriate healing
technique to use with a specific type of injiiryl1, 14-18).

Repair: generally it is related to the healing or replaeatrprocess which
involves the damaged tissue by cell proliferatiord anew extracellular
matrix synthesis. Typically, the repaired tissueveh different structure and
composition and worse functions if compared tortbiemal cartilage.
Regeneration: it refers to the formation of new ECM which essaht

duplicates the original hyaline articular cartilage

1.9.2 Cartilage Healing Techniques

Several problems can occur during the healing pooé cartilage tissue,
but it is possible to summarize these considenwvy different approaches.
The defect can be either filled with a material chatg the natural cartilage
properties or else the formed tissue and the sadiog hyaline cartilage
can be integrated together. Even small defectsfaibgluring the filling and
consolidation processes, leading to tissue degeoerand consequently to
osteoarthritis. Repair cartilage procedures canude open surgical or
arthroscopic techniques, allogenic or autogenicugs transplantation
procedures, and finally tissue engineering. Thierastopic technigques can
be summarized as arthroscopic lavage, shaving abhddément (drilling),
abrasion chondroplasty (abrasion), Pride drillingd amicrofracture
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technique. Open surgical techniques have only déidhépplications, such as
osteotomies and osteodistraction in which bonentateon and position is
externally modified in order to shift the maximuniressed region,

preventing further damages. Other open surgicalcgutores involve

autograft or allograft transplantation, includingoadral or osteochondral
implants (mosaicplasty), perichondral and peridstegmafts. Tissue

engineering is a very promising technique in whaciologous chondrocyte
implantation ACI, or the application of mesenchynsé&m cells MSCs,

scaffolds, growth factors and cytokines are considle

Currently, different surgical techniques were prsgabfor articular cartilage
treatment. However, there are not clear resultschvishow long-lasting

repair or regeneration, in terms of compositiomycttre, functions and
finally integration. The previously listed technegu are explained and
divided into reparative techniques, such as dgllinabrasion or

microfracture; and regeneration techniques, such nagsaicplasty,

perichondrium or periosteum transplantation, @ugsengineering.

1.9.2.1 Arthroscopic repair: abrasion and drilling arthroplasty
(Marrow-stimulating procedures)

The main arthroscopic techniques include lavagkridement and abrasion
arthroplasty, Pride drilling and microfracture tejues. These techniques
consist mainly in defect cleaning, removing any table which
mechanicallyprecludes a correct joint motion and also aimingptomote
blood effusion from subchondral bone, practicingesses for stem cells,
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which penetrate and stimulate the formation of ddartilaginous new
tissue. Arthroscopic repair techniques are mininmslasive procedures
which can induce a significant pain relief, neveltss these methods
cannot be considered curative techniques, but paliative. The main
problems regarding these techniques are tissuendegg®on and necrosis,
resulting in cell death induced by the heating niyabrasion and drilling
processes. In addition, subchondral bone may bg@mmsed affecting any
future operation in repairing or regenerating thssue. Finally,
fibrocartilage does not present the basic propeteguarantee the needed
mechanical performance, such as wear resistancenacbanical interface
strength. In fact, the results cannot be considesaisfactory in most
casefll, 12).

1.9.2.2 Periosteal and Perichondral Implants

Periosteal (a vascular layer which covers the hoaedl perichondral (a
fibrous layer on cartilage) grafts were widely usedimplants to fill full
thickness defects in articular cartilage repaire Tgeriosteum is a highly
vascularized connective tissue. Currently, peraistaplants are preferred,
considering the highest availability and the expental data which do not
report different results when the grafts are comgpamhe formed tissue are
generally synthesized by chondrocyte precursorscélom both the
subchondral bone and the grafts. Clinical expedasnbave shown poor
results, in terms of hyaline cartilage content komgy-lasting stability, while
graft calcification probably occurs causing an higimber of failures.
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1.9.2.3 Osteochondral trasplantation (MosaicPlasty)

Osteochondral transplantation (or mosaicplastyy veidely used technique
for the osteochondral defect treatment. The implaan be divided in two
categories, autologous grafts, from the same osgarand allografts, when
the allogenic implants are harvested from otheaoigms. Autologus graft
are obtained from an unstressed articular porti@Qbviously, auto
trasplantation is only applied for small lesioratreents, while allografts are
preferred in larger defects. This technique presseaveral advantages, such
as low cost, it's minimally invasive and may be docted eithervia
arthroscopic or via open surgery. Furthermore etie€no immune rejection
for autografts, it is one-stage operation and iesdmot depend on cell
proliferation. It is very useful for joint defecssociated to ACL (Anterior
Cruciate Ligament) tears and finally can give gaod promising results, in
term of structural and composition properties @ffiler material.

However, integration problems are not resolved tluehe incomplete
geometric filling of the defect, where a minimumpdaetween the natural
tissue and the graft is difficult to eliminat@ addition, cell necrosis and

death are induced during graft harvesting.

1.9.2.4 Tissue Engineering
The aim is to produce a new hyaline cartilage-liissue, starting from

chondrogenic cells. Following, ACI (Autologous Cldoocyte
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Implantation) and MACI (Matrix-Induced Autologous h@ndrocyte
Implantation) techniques are briefly described.

Autologous Chondrocyte Implantation (ACI)

ACI technique is currently used as treatment ofncinal and osteochondral
symptomatic defects of the knee and it is develdjpddwing two main
stages. ACI technique involves the use of chondnageells harvested from
the patient and then expanded to induce proli@natiThe obtained
chondrocytes are finally reimplanted (4@cells/mL) in the patient's knee
to promote the formation of hyaline cartilage-liksssue and defect
regeneration. In surgical practice, the defect mdarged to reach the
subchondral bone and washed to prepare the cehioen. Cells are finally
deposited or injected in the prepared site anddegfect is sealed with a
periosteal or a collagen membrane by suturing aringl A linear
dependence between the seeded chondrocyte numbethanrelative
biosynthetic activity can be identified. Growth tlaxs are also injected to
enhance cell proliferation, induce cell differetiba and ECM synthesis; in
fact a different MSC contribution from subchondbaine and periosteum
can be found. Studies on molecular mechanisms $tawen adow collagen
type Il mRNA expression, suggesting how transasipfprocess is not fully
activated, such as Sox-9, Egr-1 and Aggrecan egioresOther technical
limitations of conventional ACI are the chondrocyten homogeneous
distribution, making necessary the use of a susperend increasing the
risk of external effusion. The experimental resuit&\Cl treatment are only
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updated for few years, with uncertain long-termad&igure 1.10 shows the
ACI technique. However, in clinical practice, ACiopedures have given
satisfactory results, in terms of pain relief, fednECM structure and
function properties. Most of the ACI treated patsefoften over 70% of the
analyzed patients) presents an improvement of udatticcartilage and a
better quality of life; while studies, which compaACIl and mosaicplasty

techniques, have reported contradictory re€lil)s

Fig.1.10. ACI Technique: A) defect opening; B) sutting.

These data indicate how the described treatmehhitgaes are still heavily
dependent on the defect type, size and extensatienps age and other
external factors able to affect the result goodnsgggesting how it is still

necessary to improve these treatment methods.
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Matrix-Induced Autologous Chondrocyte Implantation (MACI)

Although ACI technique have shown remarkable resalipecially in the
articular cartilage regeneration, a new methodnprove ACI techniques
was developed. In MACI technique (matrix-induced tobagous
chondrocyte), cell culture is favoured through tinensplantation of a
preseeded bioreabsorbable polymer matrix. So, bradable scaffolds are
studied to resolve the observed problems by ACfat, scaffolds can also
act as a barrier against the migration of fibrotslaerived from subchondral
bone, which may cause a fibrous repair, while na@nimg a homogeneous
chondrocyte distribution. MACI implant presents el advantages, such
as the absence of suturesdates not require the harvesting of a periosteal
portion and can be carried out quickly and withantextended exposure.
The preliminary performed tests are promising, laited in the patient
number. In addition, the long-term evaluations &@& yet reported,
considering how MACI is still a recent techniqueowever, the MACI

procedure is currently considered the most promiapproach.

MSCs, Scaffolds, Growth Factors and Cytokines

The MSCs are widely used in the articular cartileggeneration due to their
chondrogenic potential. MSCs are pluripotent celish the ability to
differentiate in various cell type of the conneetiissues, such as chondral
tissue, bone, muscle and tendon. So, the bone wateoived MSCs can
differentiate in several cell types, such as odtstb, adipocytes, and
chondrocytes. Currently in tissue engineering, anroon practice is to
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combine the use of stem cells and scaffolds. Sichffaterials may satisfy
certain specific characteristics of biocompatipjlistrength and structural
stability. In addition, these matrix must be abdeirtduce cell maturation
and differentiation, as well as sustain cell grovethd ECM synthesis.
Finally, cell culture stimulation by cytokines angrowth factors is
commonly used to promote cell proliferation andtegsis of extracellular
matrix. For example, Matsusaki and Kawasaki hawmndorespectively the
positive effect of hyaluronic acid (HA) and transfong growth factora
(TGF-n) on cell proliferation and chondroitin-sulfate #yesis by seeded
chondrocytefl1).

1.9.3 Brief Considerations

Currently, many promising techniques and procedames employed for
articular cartilage repair and regeneration. Aé thescribed techniques are
widely used in clinical practice for injury treatnte However, researchers
have shifted to the production of hyaline cartiklige tissue. In addition, it
IS necessary to search new strategies in ordeotagie the integration with
the native tissue. The use of arthroscopic teclesiquombined with
products derived from tissue engineering, sucHydograft G seems to be
the best promising approach. In fact, tissue emging is still a medicine
field involved in strong and rapid improvementsuriflotent mesenchymal
stem cells, embryonic stem cells, reabsorbable &iernals, growth factors
and biomechanical stimuli can be considered us#dols, while their
combination can lead to good results for the adiceartilage treatment.
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However, the summarized strategies for cartilagmireand regeneration
generally fail to prevent the future degeneratiprgbably caused by the
nature of the formed tissue. The hyaline cartilaggen presents an
immature form and does not show correct mechanarad surface
properties, resulting in an inevitable future imyléailure. For this reason,
further investigations are needed, such as theicapph of MACI
technigue combined with different type of scaffolial seeded ce(lkL, 12,
19-21).
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1.10 Bone

Bong22) is a mineralized connective tissue. The main fonobf bone is to
sustain and protect the soft tissues of the bodhilewalso allowing
movements through the joints. The intercellularrmas mainly formed by
mineral crystals, principally calcium phosphateeTgresence of minerals
combined with an appropriate distribution of cod#ag fibers in the
extracellular matrix provides strong mechanical pgrties in terms of
hardness, and compressive, tensile, torsion stiefiffe calcium diffusion
and deposition in bone are driven by endocrine m@eisims, contributing
substantially to the ion regulation of plasma lsv@&ones can be classified
as long bones (e.g. femur, tibia), short (e.g. @atarsal), flat (e.g. cranium,
scapula), irregular (e.g. vertebra) and sesamoite$de.g. patella), while
there are two main types considering the macrostreicthe compact bone
and the trabecular (also known as cancellous ongpobone with a
sponge-like porous structure. The bone structugeigerally composed by
inorganic substance, hydroxylapatite (65-70%w),ewvgabout 9%w); cell
amount represents the 1%w of the total weight, evtiie remaining 20-25%
is made up by the extracellular matrix, which candivided in collagen
(90-96%w), proteoglycans and glycoproteins (4-10%w)

1.11 Bone composition
Collagen type 1 is predominant in bone. Accordimg the collagen
arrangement and size, two types of bone can badsoed, primary fibrous

bone and secondary lamellar bone. The fibrous aratare bone is formed
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by relatively long 5-1Qum collagen fibers, randomly oriented. The fibrous
bone is normally found only in the periosteum; eifanhis the first deposed
tissue both in physiological growth and during heglprocess, it is then
rapidly reabsorbed and replaced by lamellar bohe. [Amellar bone is the
most common structure, constituting nearly all dwlagen content of
compact and spongy bone. It is characterized byttered arrangement of
collagen fibers in layers, called lamellae. In bgm®teoglycans are mainly
formed by short glycosaminoglycans, byglican and¢ode. The bone
glycoproteins include different molecules, whicke aonsidered crucial in
the regulation of mineralization processesmong them osteonectina,
having an high calcium affinity, is responsible tbe nucleation of mineral
crystals;alkaline phosphatasenzyme is capable of hydrolyzing phosphate
groups attached to organic substrates amsl itvolved in the synthesis of
bone organic matrixjbronectinmolecule drives cell adhesion thanks to the
high affinity with collagenjpone sialo-proteins BSHaving an high content
of sialic acid, may mediate cell adhesion suchhas dsteopontin BSP-I,
BSP-1l and the bone acid glycoprotein BAG-75; amdhlfy proteins that
contain Gamma-Carboxyglutamic Acid (GLA), (i.e. estalcin) playing a
important role in the inhibition of mineralizatiomaused by the strong
tendency to bind with phosphate ions. The minecahmonent is mainly
represented by calcium phosphate crystals in apsttiticture, in which cells
unit are formed by flattened hexagonal prism {RO)s, and
hydroxyapatite is obtained combining apatite wi@H({ ions. During the
growth, hydroxyapatite precipitates in amorphougregates aligned along
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the collagen fibers, and then are replaced byribadle-like apatite crystals.
The bone tissue is relatively cell-free, in whichuf main types of cells can
be found, osteoprogenitor, osteoblasts, osteocyi#® @steoclast cells.
Osteoprogenitor cells, deriving from periosteum,esent an high
proliferative ability and secrete growth factorsr faifferentiation.
Osteoblasts possess a size of abouir@tand are responsible for the ECM
synthesis and mineralization. Osteoblasts tendtm fsheets on the bone
surface during tissue formation, initially produginmatrix only on
preexisting bone surface. After the appropriatesbaeposition, cells start to
form bone in all directions, causing a progressgparation between cells.
Afterward, osteoblasts decrease their metabolisth farally differentiate
into osteocytes. Osteocytes are the typical célmature bone, responsible
for tissue maintenance and remodelling. Insteadeoctast cells are
predisposed to bone reabsorption, and derive frematopoietic stem cells,
unlike all the previous which derive from osteopongor cells. Osteoclasts

are 100-20Qum plurinucleate giant cells.

1.12 Bone Structure

Trabecular bone is mainly found on the bone extiemi(metaphysic,

where bone expands its shape and epiphysis ahthe®se to the articular
cartilage), while the compact bone principally asvihe entire external part
and it is concentrated along the shaft zone (diaphysi®th Bhe bone

microstructures can be considered very similar i only difference in

the apparent density. Considering the compact btme,structural unit
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consists of cylindrical formation, also call@$teonsor Haversian systems
A blood vessel can be found in the centre of eatbom, and it is contained
in the Haversian canal. Bone structure is arrangemncentric cylindrical
lamellae around these canals (osteons). The veaselsonnected teach
other by Volkmann’s canal, which cross the sectiontransversal and
obligue way. Lamellae are formed by collagen fibribn which
hydroxylapatite is deposited (&6POy)s(OH), half of the volume and two
thirds of weight). Osteocytes are contained in te@wvi(lacunae) along the
lamella edges, which are connected by several sozalhls. Osteon is
delimited by the cement line (still concentric teth to the Volkmann’s
canal), that is mainly composed by proteoglycans @presents the area
with the highest rupture probability caused by ostelelamination under

shear stresses.
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Fig.1.11. Compact bone structur22).
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The gaps between osteons are filled by interstitiaiellae. Figure 1.11
shows the femoral bone structure on different kvélrabecular bone
structure is very similar compare to compact bastgwing concentric
lamellae arranged to form a reticular structuremed along the direction
of the greatest stress in which the ratio between mechhsicength and
weight is optimized. However, haversian canals abveent and osteoblast
layers can be found on the trabecular surface, lwinake the tissue more

suitable for tissue remodelling.

1.13 Structural complexity and mechanical propertie

The complex bone substructure is due to severabresaincluding:

= modality of bone growth;

= organization of capillary perfusion for cell nufrts;

= structural centrality around the capillary circidat such as osteons;

= optimum organization of the filling space, considgrthe total bone
weight;

» external stiffening and optimization of bone geayiet

= anisotropy depending on the stress type and ardplitu

= optimization of the mechanical strength.

Bone is characterized by good mechanical and siraicproperties. The
maximum deflection reaches generally low valueoigefracture, and so

tissue can be treated as an anisotropic compaositelinear elastic part.
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Compact Bone

Trabecular Bone

Mineral+Collagen composition Mineral+Collagen
5-30% porosity 30-90%
1.8-2.0 g/cm’ density (p) 1.8-2.0 g/cm®
1.4-2.0 g/cm’ apparent density (p,) 0.18-1.4 g/cm’
10-20 GPa Elastic modulus 0 p,’
150-200 MPa Tensile strength (o) 0 p,’
0.5-30% Rapture elongation (g,) 5-10%
N Tensile =135
Longitudinal o [MPa] Compression 205
- Tensile =
Longitudinal € [MPa] Compression 1.9
Tensile =53
Transversal o [MPa] Compression ~130
Tensile =0.7
T le [MP
ransversal e [MPa] Compression =2.8

Table 1.1. Mechanical properties of cortical and tabecular bong22).

It is important to underline how bone shows strersgoelastic behaviours,

especially when it is stimulated at different straates, changing its

stiffness, the maximum deformation and stress kefoe failure. In table

1.1, the principal mechanical properties are regbrtAs shown, the

compact bone and cancellous bone density is the,safmnle the apparent

density varies due to the porous structure. Asns@guence, the mechanical

properties are strongly influenced by the ratiofldFempty spaces in the

trabecular structure. The complex organization deém a macroscopic

structure with anisotropic properties both in coegsion and in tension, but

also along different stress directions, such agitodinal and transverse

(table 1.1).

45



INTRODUCTION

1.14 Remodelling

In bone, continuous processes of bone reabsorptidndeposition coexist
in a dynamic equilibrium, aimed to adapt the bamecsure on the different
and variables mechanical stresses which normaltyrocCurrently, it is a
general opinion how the evolutionary process hamdywed an optimal
engineering design for all bone types. Considetimg bone physiology,
several considerations can be formulated on the basn optimal design,
such aghe structural desigim which the material is mainly arranged along
the force lines, to ensure a good strength-weighib rand to distribute
homogeneously as well as possible the stress ddin@gnaximum load
condition fomogeneous resistance distribujiofhese concepts, applied to
the geometry of the bone structure, are well kncavnd were firstly
formulated by the Wolff's laws in 1982. The firsiw explains how a bone
transformation corresponds to a functional varmgtiorhile the second is
related to the trabecula directional remodellingadsnction of the loading
history. Thus, bone remodelling is driven by a dgiaequilibrium between
deposition and reabsorption, regulated by mechanstiuction mechanisms
in which mechanical signals are converted into loémaical activities by
cells. Various models were proposed to explain rtiechanisms of cell
regulation, in which the most accredited involvas formation of flow,
pressure and transport gradients along the casalsijng a cellular response
(23-25). In figure 1.12 it is possible to observe the boeraodelling activity
depending on the imposed strain, proposed by Frost.
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Fig.1.12. Remodelling activities and Frost's theor{26).

1.15. Bone Repair and Regeneration Techniques

In general, bone has a good ability to self-regei@erHowever, as any
tissue, bone possesses a critical defect size foichw spontaneous
regeneration cannot be achieved, causing nonuretectdor delayed union
defect (regeneration does not occur within a perdahed period,

depending on the location). Fractures, which leadédlayed or nonunion
defect, are common among the long bone. When theatrsize is

exceeded, such as 40 mm for tibia, bone transpaneeded, for example
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using ring fixators, intramedullary nailings, lliow frames or general
external fixators. Moreover, in the orthopaedicldjeextensive bone
reconstruction is needed in case of widespread &ssesulting by severe
congenital malformations, trauma, hypoplasia, istlenecrosis, primary
neoplastic lesions (osteosarcoma, benign bone ®)mor secondary
(metastases). Prostheses are also used to prokegéication of the missing
bone segment or joint, but poor integration, higbbgbility of infections

and rejections can occur, as well as technicallprnod involving breakage,
friction wear and loosening, precluding their gethewse in orthopaedic
field. Currently, bone-grafting plays a predominaate in treatment of
delayed or nonunion defects, joint arthrodesesymea or tumors; but
recently tissue engineering is also consideredra p@mising technique. A
brief description of the common techniques for boageneration will be

presented.

1.15.1 Bone transfer through fixator$27)

Ring fixators, intramedullary nailings, llizarovafnes or general external
fixator are commonly used to provide bone transitmg the defect,

support functions and finally to adjust the bonegta and alignment. This
procedure is generally preceded by the injury waglihrough debridement
processes, such as lavage or irrigation. Then, someernally or externally

immobilized with proper fixators. Bone transporegents a high rate 90%
of ultimate success. In addition, donor site matpidienerally does not
occur, as well as the treated bone can be weightigeauring healing
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processes. However, the process rate is relatve (& months/cm), leading
to complications in prolonged treatment, such as gite infections,

cellulites, contractures and edema.

1.15.2 Distraction osteogenegi28)

Distraction osteogenesis can be considered a lansfér technique and it
consists in a surgical process used to restore bmrge deformities and

length. Bone is fractured in two segments (cortioof), then the relative

parts are gradually stretched (distraction rate #dags) during the

distraction procedure with an external fixator z@dliov external fixator),

allowing the stimulation of the biosynthetic actyyinew bone formation

and the consequent lengthening. If the desiredtheng achieved, the

distraction is followed by a consolidation phasevimch the healing process
may occur. Distraction osteogenesis can increaske th@ bone and the
surrounding soft tissue length simultaneously. édigh this techniques is
commonly used to correct long bone deformities eduby congenital

diseases and old injuries, distraction is ofteoregland laborious process

and it is reserved only to mentally prepared paésien

1.15.3 Bone-Graftind28)

The common grafting techniques can be divided wograft, allograft and
vascularized transplants.

Autograft is obviously the most favourable procedure, esbgciwhen
combining with viable soft-tissue coverage. Automes implants, defined
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as the‘gold standard” for regeneration, are commonly considered as& saf
solution in terms of compatibility and immune respe absence, but also
uncomfortable for patient in which a second surgeryneeded and an
associated morbidity can also occur. The bone ttdbe graft may be
reabsorbed either entirely or partially, while neane formation can be
observed. Actually, the regeneration is unpredietamd depends strongly
on graft vascularization and nutrient diffusion. rthermore, the graft
availability may limit the application of this tesigue. In general,
cancellous bone grafts are mainly used due to t&ieogenic inductive
capacity that results higher if compared with coatjmmne.

When the defect size exceeds the homologous darssitplity, allografts
may be a good alternative thanks to the existerickone banks which
provide allogeneic bone graft with no size or qigriimitation. Anyway,
several studies have demonstrated how allografsplantation often results
in poor and inadequate remodelling, reabsorptiemascularization, and so
the implant can be considered as only a mere supptwreover, it is
important to not underestimate the problems cormicgrthe graft rejection
and the risk of infections (5-12% of the studiedes). Also in this case
cancellous bone is preferred.

The advances in microsurgical techniques have itoéd to the
application ofvascularized graftpromoting a continuous circulation and
ensuring bone viability. One advantage is giverthgypossibility of implant
bone including muscle and skin. Bone free flaps gererally harvested
from both iliac crest, fibula and ribs. During thealing process, tissue
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hypertrophy early occurs thus making prolonged irbifimation
unnecessary. Although vascularized graft leadsdhagd a good healing
status, structural support, remodelling and minimahor site morbidity;
this technique requires microsurgical sophisticgieatedures (8-12 hours

as operation time) including specific infrastruetsir

1.15.4 Bone Tissue Engineerir{@6, 17)

As widely mentioned, a promising alternative to trealitional approaches
is constituted by (TE) tissue engineering, whicts lmavealed potential
results, causing a significant increase of reseavolks in recent years.
Considering tissue engineering for bone regeneratwo alternative are
proposed: tissue engineering amd situ tissue regeneration. The first
involves the seeding and differentiation of autoleg osteoprogenitor cells
on absorbable and modified three-dimensional slkclfdOnce implanted,
the engineered constructs should be gradually oebed and replaced by
viable tissue thanks to the vascular and nervowstesy supports. The
clinical applications already in use include cag#e, skin and vascular
system. In the second approach, scaffolds are iassdcto materials in

powder form, solution or doped microparticles abldepromote a local

regeneration. Signalling molecules or growth faxtawhich trigger cell

proliferation, such as bone morphogenetic prote{B81Ps), can be

chemically conjugated to the scaffold material agléased in a controlled

rate, by diffusion or material fragmentation. Théseactive materials are
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able to induce a local cell response, stimulatimg tissue regeneratian

situ.

From a clinical point of view, bone and cartilagestie engineering may
offer large options and possibilities to improve tturrent integration, as
well as to avoid problems concerning patient rep@ctpresence of donors
and finally the functionality of the substitute, ifarms of biomechanical

propertie$l?).
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2. TISSUE ENGINEERING

The definition of tissue engineering was coinedthy National Science
Foundation at Lake Tahoe conference in 1988 whewast stated that
"Tissue engineering involves the application of pnimciples and methods
of engineering and life sciences in order to undecs the fundamental
relationships between the structure and functiongnammalian tissues
(both normal and pathological) and to develop lgaal substitutes to
restore, maintain and improve tissue functions"e Thilosophy of this
interdisciplinary field is related orthe ability to lead the repair and
regeneration of damaged tissues allowing cell gnaavid thus restoring the
original tissue.

Therefore, the main long-term goals of tissue esgiimg are tissue and
organ replacement using cell therapies, in whidhlielogy, biomaterials
science, and surgery are combined. This new diseipises cells for the
production of engineered materials, in which it deucial to mimic
physiological conditions, to guide cell adhesion,roliferation,
differentiation as well as synthesis of new extllata matrix. The trend of
recent years was mainly focused on cell culturegisupports, also called
scaffold¢16, 18, 29). In this way, optimal conditions for cell prolitgion

and matrix synthesis can be created. Scaffolds @@nthe three-
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dimensional organization of cells until tissue $d#is. The paradigm upon
tissue engineering fundamentals is the mutual iogiship between cells,
scaffolds and cellular signals. Cells are the sasipbuilding block units of
living organisms and all their characteristic pmtjgs can be expressed,
such as reproduction, growth, death, assimilati@gpiration, motion,
ability to synthesize and respond to stimuli. lotfacells are able to adapt
the shape as a function of their activities or assalt of external stimuli.
Cells are surrounded by extracellular matrix ECM thwidifferent
compositions depending on the specific tissue. E@duction can be
understood as balance between the anabolic (biussis) and catabolic
(lysis of molecules) processes. This equilibriunevitably changes by
introducing foreign materials. One of tissue engigg aims is to
successfully replace a tissue, without breaking rdothis balance.
Therefore, the implanted material must reproducevels as possible the
pathway signals, in order to permit the main caldlinctions, allowing a
correct cell behaviour. The most important cellufanctions can be
summarized as differentiation, adhesion, migratpmnliferation and finally
extracellular matrix ECM production. These funcioare induced by the
presence of specific proteins which govern cellregpions. In cellular
differentiation process, a progenitor cell becoraesiore specialized cell
type through the activation of garticular genome fraction which
determines its diversity. This depends on the mesend the interaction
between cell receptors and specific molecules ercthture material which

act as gene activators. Thus, the process canrbegbt influenced by
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environmental factors, by the cell-cell and cellNEQnteractions and
migration and adhesion play a key role particuldriythe adhesion process,
cell attachment provides signals for spreading, ratign, survival, and
proliferation. As mentioned, cell surface recept@sognize reversibly and
specifically ECM components. Therefore adhesionltesa fundamental
mechanism to induce cellular functions. Migrationsialso be considered
as a mechanism by which cell motions involve thespnce of specific
signals or pathways on the extracellular matrixthis way, the important
role played by proteins and molecules becomes .cléaother very
important process is the proliferation, essentafjiarantee life and tissue
growth. This process is faster and increase irieficy when cells are less
differentiated. For example, the contact inhibitisran intrinsic property of
cells to stop reproducing and in general all theailable space is
theoretically employed but not exceeded. Finalhg extracellular matrix
biosynthesis is crucial to create a biological stlte or to maintain the
natural tissue, as a result of the described eglifiuinctions. Many of the
mentioned processes are either inhibited or suegobly chemical and
physical factors, such as the presence of certaileaules (growth factors,
adhesion proteins), pH, GOtemperature, oxygen, nutrients, metabolite
transport and the appropriate medium transfer.tidise factors must be
considered during a cell culture in order to repithe main physiological
conditions. Figure 2.1 shows the cell culture pesgron a scaffold in term
of cellular functions. In fact, cell culture occutsring several stages. In the
early hours, the first phase consists in cell aidimeand cell migration as
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well as the production of the first cellular signalThe second phase
includes cell differentiation, proliferation and emtually cell apoptosis
(death), which takes place in days or weeks. Intliel and final phase,
taking months or years depending on the materza, snatrix remodelling
occurs. Thus, during tissue growth and integrati@mtween native and
developed tissue, scaffold must provide a mechhsigaport, encouraging
cellular functions. At the same time, scaffold mialeshould also be

reabsorbed with a kinetics that is comparable tirnproduction.

Cell signaling, Cell differentiation, Matrix

Human cells Matrix Growth adhesion, migration proliferation, apoptosis remodeling
b proteins  factors s
L = 5 .

= Y Implant site 'ﬁ B

S B 2% X o e, i
KSR PYRVK g SRS, Cartilage | 5 BN

Biocompatible Cells multiply Cells secrete growth
scaffold on scaffold factors and human
— matrix proteins

Vil
Bone

Success.

| = e = - [ r— :|Fa.ilure
Second Hour Day Week Month Year

Completely human tissue forms

Fig.2.1. Cell culture schemgl93).

The development of 3D scaffolds, support structoresatrices that induce
cells to form functional tissues, is one of the mnabjects of tissue
engineering. Tissue engineering scaffolds or medriare an important
component for tissue development and their chamatits are fundamental
in forming tissues with a proper cell morphologyieatation, arrangement
of intercellular material, and relationship betwedifferent cell types. In
particular by using scaffolds, transplanted celésy doe delivered to a

specific place in a tissue driving the growth oflsanside a desired
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anatomic site. Therefore scaffolds represent thecespavailable for the
tissue to develop and a physical support for agitsvth. It is possible to
find a lot of commercial scaffolds for tissue eregnng, such as cartilage or
skin (Apligraf is the best known).

Tissue regeneration can be either conducted gniirefivo or assisted bin
vitro phase. Considering the latter situation, a biooracan be defined as
any apparatus that attempts to mimic physiologocaiditions in order to
maintain and encourage tissue regeneration in 3fotds and in dynamic
conditions. Cell cultures in bioreactors can besodered an intermediate
step between the conventionalvitro static approach anith vivo studies.
The aim is thus promoting the formation of cardagr bone tissue by
simulating physiological conditions via the applioa of specific
mechanical and biochemical stim(@li 30). Several studies have reported
promising results whein vitro dynamic conditions were applied before
implantation, describing the effect of many var@al@nd how those can
influence cell metabolisn(31-33). In several cases, bioreactors can be
considered useful tools not only for tissue regati@n, but also to
investigate the pathway signals between cells aatgixrduring biochemical
and physical stimulation.

Playing on the system design, functional improvetsi@zan be provided
through the use of bioreactors in order to engiedrcultures, making the
processes scalable, reproducible and adding suisdtadvantages to the
traditional cultures, such as reducing contamimatick (generally only
closed system are proposed), automating a contmnuexchange of
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nutrients, measuring and controlling cell culturariables (T, pH,% Rh,
pCO, p0,,...) and, considering bone and cartilage, alsdyapp specific
mechanical stimwB4-38). To increase the cellular response in these gssue
several mechanical stresses were applied with titent to mimic
physiological conditions: shears induced by fluideium)39-41), tension
(unidirectional or biaxial stretchin@2), sometimes shedrs) induced by
torsion44), direct compressi@ib, 46) and finally the application of
hydrostatic pressu(él, 47, 48). Applying appropriate biochemical and
mechanical stimuli through a bioreactor, cell cdtican be conducted
closer toin vivo conditions. Many studies have widely emphasized ho
osteoblasts and chondrocytes respond in differayga3, 49) depending
on the dynamic cell culture conditions, in partaaufrequency, amplitude
and loading time show a strong influence in thetural Considering
cartilage, several mechanical stimuli have beerdistu and precisely
promising results were found using perfusion, migent hydrostatic
compression and cyclical direct compression. Gédlyerthe increase in
chondrogenesis and extracellular matrix syntheserewjustified by
assuming the parallelism between these types afukitions and the
physiological conditions. In perfusion, chondrosyteere subjected to shear
stresses similar to the stresses produced by tiaeahaynovial fluid during
normal operatio@0). Instead, in direct compression, a triaxial stretsge
was generated due to the complex scaffold strucame in particular,
compression, tensile, but also shear stresseshwtaturally occur in the
cartilage extracellular matr(%0-53). Finally, the effect of hydrostatic
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pressure was explained considering the externasiplogical loads, from
0.5-2 MPa up to 10 MR34, 55). All three given explanations are
consistent, but the assumptions were taken fromaethtifferent levels,
respectively microscopic (cells), macroscopic (imastructure), and finally
on a large scale (human body). Similar stimulatiarese studied in bone
tissue engineering, with the addition of stretchimgpne or two directions.
Again, the conclusions regarding the obtained benefere focused
principally on the parallelism between physiologicand applied
stresse89, 49, 56-58). Recent studies have also shown how low pressure,
between 10 and 40 kPa, plays an important roleoimelregeneration. In
fact, the intraosseous pressure calculated fodatt body is about 30 kPa.
Subsequently, this pressure results to be the sarees state at which
osteoblasts are normally expogt] 59).

Now, it is necessary to underline the importanerof dynamics for the
regeneration process. It was largely proved howatcsregime causes a
decrease in chondro- and osteogetigti$5), while prolonged stimulations
may not result in synthesis increasing when contpaiigh short stimuli. In
fact, mechanical stimuli were especially importamtcell activation, but
long application can lead to cell damage and apwpté-or this reason, a
rest period was often introduced within the sanmaigation, and a loading
time usually no exceeds one h@@64). Finally, the mass transfer plays an
important role, not only as a mechanical stimulusads contribution of new
nutrients and waste removal. In fact, spinner flasis the first bioreactor
designed for dynamic culture, in which the mediumsvgimply stirred by
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promoting the fluid transport. These early studiase demonstrated both
the importance of nutrients and waste exchang¢hleudisadvantage caused
by a turbulent flow within the culture, in terms ofll damage and

apoptosi&5-68).

2.1 Scaffold

An ideal scaffold should be non-toxic, biocompagjbhon-immunogenic,
porous, easily reproducible and also it must haeentechanical properties
as close as possible to the native tig82&6). In fact, the proposed scaffold
must present an high interconnected porosity anod goermeability to
allow diffusion of nutrients, waste removal and lder mobility. In
addition, pore size must be included betweepi0and 50Qum to facilitate
cell migration. During the process of matrix remitidg, the scaffold must
be designed with a desired degradation and bioogatisn rate in order to
obtain the correct tissue substitution. In skelésdues, such as cartilage
and bone, scaffold mechanical properties also alagucial role, providing
the adequate strength and stiffness to maintainaisgned space after
implant. A list of the main scaffold propertiedadlowing reported:

. Porosity and Morphologyhigh and three-dimensional characterized
by the presence of an interconnected pore networéllow cell growth,
diffusion of nutrients and waste remo{#dl, 71, 73, 76-78). The pore size
must be comparable to the dimension of the seeé#d For example,
osteoblasts size is about 20 microns, thus poeestibuld be between 100
um and 500um(16, 17, 72). The morphology of the scaffold should be
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designed to guide the formation of new tissue nrmtef size, shape and
vascularization.

. Biocompatibility can be defined as the ability of a material to
perform with an appropriate host response in aipeapplication. The
definition does not give an absolute concept, leyiethds on the application.
Therefore, the material can be designed and itspatility can be
evaluate@72, 79, 80). For example, a stable implant should not be
hydrolysable or a contact lens must prevent cetleambn as opposed to a
scaffold for bone and cartilage tissue engineetimgeneral, host cells must
tolerate the presence of the material without geimey immune response.
The scaffold must avoid cell damage and apoptesieancing the proper
cellular functions.

. Biodegradability for tissue engineered construct, must be coettoll
in order to ensure the correct degradation rat@wsly a Kkinetics
comparable to tissue regenerafiir86).

. Bioabsorbability for tissue engineered constructs, to allow cell
growth in vitro and/or in vivo, avoiding immune response caused by
monomer dissolution.

. Surface chemically appropriate in order to communicat& iproper
way with the host cells and to regulate cell exgigas Considering cartilage
and bone scaffolds, surface must be suitable faalirmdhesion, migration
and proliferation. If stem cells are seeded, stddfomust promote

differentiation, while in the case of specializedlls, the material must
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prevent de-differentiation in other cell types. &y, the surface must
accommodate the ECM synthesis.

. Mechanical propertieshould be similar to the native tissue ones, to
guarantee an appropriate response of the mateneh wnplantedn vivo or
mechanically stimulatedn vitro(87-89). Considering cartilage and bone
application, scaffold must show mechanical stabilid sustain wound
contraction and later forces in the initial parhile maintaining the required
three dimensional structure during the degradation.

. Reproducibility focusing on a widespread clinical use and process
engineering, both material and its structure mestdproducible, scalable
and cost effective by a controlled method, avoidsegffold mutations or
contaminations which may cause culture failure.

. Sterilization should be easy, essential to prevent contamination
cellular apoptosis and tissue death. The sterilimaprocess must not
modify material structure, e.g. gamma rays sigaiitty reduce the
molecular weight of PDLLA (racemic blend of PolyiiacAcid)

It is important to emphasize how an ideal scaffotes not exist, but a
proper scaffold for a certain application can bsigleed with specific and
desired material properties.

Several materials were experimentally studied t@ffeld applications in

tissue engineering, and they can be grouped intm foain categories:

synthetic organic materials (i.e. biocompatible ypmrs), inorganic

synthetic materials (i.e. Hydroxylapatite, challgl€@um Phosphate, Glass-
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ceramic), natural organic materials (i.e. Collagébrin gel, Hyaluronic
Acid) and finally inorganic materials natural dedv (i.e. Coralline
Hydroxylapatite, Calcium Carbonate). For bone arattilage tissue
engineering, the most commonly used materials ataral and synthetic
polymers, due to their degradation properties; evhih some bone
applications, ceramic materials are also used, cesppe combined with
polymers as composites, due to their mechanicggsties.

These considerations are focused principally onth&fit and natural
polymers for tissue engineering. Synthetic polymemsmally used are
biodegradable under the aggressive action of tlysiplogical fluids. The
material can be decomposed and bio-absorbed threexgral mechanisms,
such as oxidation and hydrolysis. In general, atrstic material presents
reproducibility, stable properties, good workaliland high versatility; it
can be easily designed and processed if compartbdanmatural polymer.
Otherwise, it is necessary to carefully evaluate gbssible toxicity of the
released monomers. Polylactic Acid (PLA), the raicermlend of the
Polylactic Acid, named Poly-D,L-lactic Acid (PDLLAG1, 90-95), Poly(-
caprolactone) PQI83, 96, 97), Polyglycolic Acid (PGA}98, 99) and their
copolymers (i.e. PLGA poly(lactic-co-glycolic ac{é3, 100-102) or
PCLLA Poly(-caprolactone-co-lactide)), but also biodegradable
Polyurethanes (PU), Polydioxanone (PDS), Poly(ortaster) and
Poly(anhydrides) are the most commonly studied aseld polymers in

tissue engineering field.
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Naturally-derived polymers are obtained by extactifrom living
organisms. In general, a good interaction cell-nedtecan be achieved,
increasing cell adhesion and proliferation. In fathtural polymers are
intrinsically able to communicate with cells, offeg good biocompatibility,
non-toxicity, low chronic inflammatory response aan ideal environment
for cell growth. These kind of materials are gehlgraxpensive, less
processable and less stable in terms of mechaproglerties. Collagen,
Chitosan, Hyaluronic Acid03-106), Glycosaminoglycan (GAGJ7, 107),
Silk Fibroin(61, 108-111), Starcl{112-115), Agaros€116-118) and finally
Alginatg(119-122) are natural polymers often used in tissue enginger
Thanks to their chemical composition, the organiaturally-derived
polymers possess the ability to induce stimuli be seeded cells during
adhesion. However, the main problem is to undedstahich are the

induced stimuli. In fact, cell response may notbeat expected or desired.

2.2 Polymer scaffold process techniquék23)

Porous polymeric matrices used in tissue engingecan be produced
through several scaffold fabrication techniquesjctvhmust provide the
correct design for cell support, adhesion, migrmtioproliferation,

differentiation and subsequently ECM biosynthedibe design of the
scaffold, in fact, can significantly alter diffeteell functions and the
geometry can define the adhesion sites for cell®e @architecture can
influence the cells degree of spreading and thes&gleton orientation. It is
widely demonstrated that cellular activities depegan scaffold shape and
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cells anchorage also control cells gene expressibhe desired
characteristics, such as porosity, permeability raedhanical properties can
be achieved providing a structure mimicking the E@tdhitecture as much
as possible. The commonly used techniques can \bdedi in two main
categories; in the first case, scaffolds are geéedraith a random structure
and unpredictable pore sizes. Generally, the obthiconstructs lack in
reproducibility, mechanical strength and structusdhbility. Precisely,
Solvent Casting / Particulate Leaching, Freeze+iyyyiPhase Inversion,
Fiber Bonding, Electrospinning, melt based techgi@l®, have been
employed to produce non-ordered scaffolds. Consigealso the second
category, in recent years, considerable attentasnldeen paid to fabrication
methods for producing porous scaffolds with a @ertgredetermined
design, complex shapes and defined architectuod, as1 Stereolithography,
Selective Laser Sintering, 3D Printing, Shape D#joos Manufacturing,
Robotic Microassembly, Fused Deposition Modellifgese techniques are
normally based on the use of a computer-assistededand the material is
often deposited layer by layer. High resolution &@nachieved depending
on the apparatus precision. Following, it is repdra brief explicative list of
the mentioned fabrication techniques:

Random structure

. Solvent casting / Particulate Leachinaplymer solution is casted on
a support until the solvent evaporates. Good filomlidy, controlled
thickness, uniformity and good distribution can dehieved working on

process parameters, such as solution viscositynistry of the solvent,
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casting substrate but also on process conditioastémperature, Relative
Humidity, pressure). Obviously, the solvent must \matile. Solvent
casting is often combined with particulate leachiogobtained 3D porous
scaffolds. Sodium Chloride, Ammonium Bicarbonated a@lucose are
generally used as porogen agents with differergtatgizes.

. Freeze-Dryin@l24); solution sublimation can induce pore
formation, under proper pressure and temperaturglitons. Adjusting
polymer concentration, viscosity, quenching tempgeaand cooling rate,
the desired structure can be obtained in term ofhemsical properties,
presence of gradient and structural alignment, paeand distribution.

. Phase Inversiofi25-127); under specific conditions, such as
solution viscosity, polymer density, interfacial eegy and mechanical
stirring, a liquid-liquid dispersion can be invettby diffusive processes,
interchanging mutually the dispersed and continygzhese. After casting, a
single phase can be separated using a nonsolvetissue engineering,
supercritical carbon dioxide is often used as niwesd due to its non-toxic
properties.

. Electrospinningl07, 128-131); submicrometric fibers can be
produced applying very high voltage on a polymdutsan or melt, free to
deposit from a needle to a grounded target. Then rparameters, which
govern this process, can be summarized as solptmperties, electric field
strength, distance between target and needle, rampe and humidity. In

tissue engineering, several applications have heesstigated, changing
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fiber orientation, morphology, thickness, mesh spacbut also combining

different solutions or melts.

Ordered structurgl32, 133)

. Stereolithographys based on the use of photopolymerizable liquid
polymer. Using a specific light source (generall)land proper masks, the
scaffold can be fabricated in sheet, layer by layEre main problem
consists of a limited availability of useful and obompatible
photopolymers.

. Selective Laser Sinteringintering of a polymeric powder by local
fusion can be achieved using a {d@ser beam. Also in this case, scaffolds
are built up layer by layer.

. 3D Printing(113, 134, 135); scaffolds are produced by stacking
different layers in which a binder solution is iciiegd on a polymeric
powder, through an inkjet print head. Only the wetvder can adhere and
solidify, while the dry powder is removed. This hae@ue is suitable only
for simple geometries.

. Shape Deposition Manufacturing numerical controlled machine is
used to cut the scaffold, starting from a clinicalage. Cells, specific
proteins and molecules can be inoculated duringtbeess.

. Robotic Microassembjya specific precision robotic system is used
to connect pre-assembled block units, obtainedithiagraphy.

. Fused Deposition Modelify36); the most common

microfabrication systems are based on the use miceoextruder, which
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deposits successive layers of a polymer solutiom anelt on a support
substrate that a computer-controlled mechanism mowve the x-y-z

directions. Scaffolds geometry and properties dépmm the dimension of
the extrusion die, viscosity of the polymer melssofution, pressure applied
to the extruder, and speed at which the base suppoves in each

direction.

2.3 Bioreactors, from static 2D to dynamic 3D cultte(38)

Tissue engineering takes advantage of life scidacproduce biological

substitutes in which the obtained cellular congtwall be used to repair or
regenerate damaged tissues. Therefore, the fimalupt after cell culture

must exhibit the proper geometrical dimensionsycstire and chemistry as
close as possible to the original tissue. For thason 3D scaffolds from
biodegradable and bioabsorbable materials, syotheti natural, with

specific chemistry and interaction properties anelely used in tissue
engineering. To achieve tissue remodelling, there@scell culture differs

tangibly from the traditional static 2D culture. fact, traditional cell

cultures are usually carried out on multi-well Eijyrene plate, containing a
specific treated surface to promote cell adhes@ealls are seeded with
medium and then plates are placed in an humifiedibator where the
environmental conditions of 37°C and 5% CO2 are nma@ed. The

temperature is obviously physiological, while th©Zlevel is needed to
stabilize pH in the culture. Culture medium is &®usolution activated by

the presence of carbon dioxide. Generally, a 5% @atnation corresponds
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to 7.2 pH, depending on the medium type. The wasteoval and nutrient
transport are performed manually, changing the omdabout every two
days (or on the base of cell metabolism and agjivitherefore, then vivo
conditions are reproduced as close as possiblesitatec way, considering
also all the relative limitations. As previously miened, a bioreactor can
be defined as any apparatus that attempts to nghysiological conditions
in order to maintain and encourage tissue regdnaraimulating the living
organism. In this way, a bioreactor is a suitabdwice, where cells are
cultured in dynamic and reproducible conditionsfdat, tissue culture is a
non-steady state process, in which all parameterst ine measured and
controlled. Precisely, temperature, medium pH,aahange, Qlevel, CQ
level, humidity, nutrient transport, waste remowald finally mechanical-
biochemical stimuli are always regulated. Tempegatmust be constant
around 37°C, pH value should remain between 7.27a#dcting on CQ
level, humidity should be enough (generally closedcondensation) to
avoid medium evaporation, while dissolved, @evel and nutrient
concentrations must be sufficient to guaranteefaatitions.

The fundamental part of a bioreactor is the cultaramber, a sterile
environment where the cellular constructs are hdu$be seeded scaffold
can be confined, that means laterally constrainedinconfined, in which
the lateral side is free to move. Growing mediunthwihe necessary
nutrients can flow inside the chamber thanks toelipposed system. The
culture medium can diffuse inside the substratd aiproper flow regime,

allowing nutrients transport and waste removal. Thkure chamber must
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also present some general characteristics: eachawant must be sterilized
and manufactured from non toxic materials and shbel easy to assemble,
still allowing parameter measurements along theinmedlow line. It is
difficult to carry out a continuous on-line measuespecially considering
biochemical signals. So, a bioreactor may be desigaking into account
the possibility to introduce custom on-line sensors alternatively, an
apparatus for sample fast removing for a final mdkanalysis.

A bioreactor is thusdeveloped to cultivate cells under proper dynamic
conditions, close to the physiologicah vivo environment, applying
biochemical and mechanical stimuli to improve thssue-engineered
constructs properties. In fact, mechanical stress@sproduce changes in
cell shape and behaviour, inducing a wide biochamiesponse which
includes the secretion of bioactive molecules sash growth factors,
vasodilators, ECM proteins, adhesion proteins ahdrs. In the same way,
the local inoculation of biochemical signals on tiedl culture can lead to
cell gene activation. Consider these factors maycioeial to obtain an
engineered construct with adequate properties.€eftwa, it is essential to
evaluate the normal living tissue conditions toalep a suitable device for
driving cell functions and biosynthesis. In fact ideal bioreactor design,
which covers different tissue engineering applaradi does not exist, but
can be tailored for a specific individual aim.

Finally, the system should also provide high vélisatand flexibility,
ensuring all the mentioned characteristics. In,fécis a good practice
design to develop an open system allowing the mhdiof a custom
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measurement apparatus, modifications or implementaif new features
and the possibility to carry out a scaffold seediggamically in the culture
chamber increasing the seeding efficiency and disttibution. Moreover,
bioreactors can be used to mechanically charaeténz obtained constructs
during and after cell culture, providing a wide garof possible tests: DMA
to calculate the storage modulus and loss factagsiestatic ramp to
measure the elastic modulus and relaxation-cregpri@rder to achieve the

viscoelastic properties of the material.

2.4 Bioreactor stimuli

Bioreactors are systems capable of applying spesifmuli on cell culture
to promote the formation and deposition of extriatel matrix. Currently,
the obtained constructs by tissue engineering @&dbdy matrix content and
low properties compared with the native cartilagd done. To establish a
relationships between culture condition and theulted composition is
crucial to improve the final implant tisqi38).

In vivo, cartilage and bone are subjected to severalssiseand through the
bioreactor these specific stimuli, both mechanieald biochemicals, can be
appliedin vitro promoting the chondrocytes or osteoblasts syrghasd
matrix deposition. Different variables can be @mgo carry out a cell
culture, such as cell type (mesenchymal stem celsmary cell,
immortalized or tumoral cells), seeding concentrataind method, medium
composition, scaffold type and others. Once théucellprotocol is decided,
the stimulation can be achieved to optimize théulee construct and to

71



STATE of ART: tissue engineering

create an environment as close as possible to lilgsigbogical one. In
dynamic cell cultures for cartilage and bone tissogineering, it is found
useful to modulate growth factor concentrationsy/logh oxygen partial
pressure, mechanical stresses, such as compressisile and shear load,

as well as pressures and shears induced by fluid.

2.4.1 Low/High oxygen partial pressur€l37)

Under normal physiological conditions, articulartdage exhibits a very
low oxygen concentration (hypoxia), thus chondresymnainly possess an
anaerobic metabolism. In fact, the dissolved oxylgeel can reach values
below 1%. Some studies have shown an increase ateqglycan
aggregation and cellular synthesis iof vitro chondrocyte culture when
carried out at low oxygen partial pressures, al®33a{138). Depending on
the oxygen level in the tissue, cells can actia@mbic processes, such as
respiration, or anaerobic processes, i.e. fermentain which a drastic pH
drop can be recorded. In general, a combinatiorbath aerobic and
anaerobic activities is presented in cartilagelott O, level, cells change
their metabolism to produce a series of glycolys&ctions and to satisfy
energy needs, reducing pH. In this way, the culemeironment may be
significantly altered. The dynamic change in oxydevel is an important
mechanism for gene expression and signal activdton

The biochemical changes, associated to oxygenstdleunclear and the
obtained results on the chondrocyte synthesis dien ocontradictory.
However, several studies have demonstrated hovintpesition of a low-
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oxygen cell culture environment causes an increagiicose consumption
and lactate synthesis, instead of pyruvate prodmaticcurring in aerobic
conditions. The variation of dissolved oxygen alsttuences transcription
factors such as the HIFel(hypoxia inducible facto¢l40). L'HIF-1a is a
biochemical signal linked to the gene expressiomnaerobic conditions,
which governs the amount of gene transcripted. Agnibrese genes EPO
(erythropoietin), endothelial growth factors, glseo transporters and
glycolytic enzymes are included. In the absencédléf-1a, chondrocytes
are unable to maintain sufficiently high levelsAFP, highlighting its key
role. HIF-1o may affect the ECM biosynthesis by chondrocytel§sting
the synthesis of collagen type IlI, which decreasesler anaerobic
conditions. So, the oxygen partial pressure and rdlative HIF-In
expression play a key role in the chondrocyte n@disin and cartilage
tissue engineering. However, the required oxygemusrh during a cell
culture is an open controversial debate, due tootttained contradictory
resultg141-143).

2.4.2 Mechanical stresses and shear stress indudgdfluid (137)
Chondrocytes demonstrate a strong sensitivity towide range of
mechanical loading. This responsiveness have bbsernged bothn vivo
and in vitro studies. Mechanical loads may alter the cellulataiolism,
due to stresses, such as compression, stretchiegsyse, shear and shear
induced by fluid, which are naturally involved ihet ECM regulation of

articular cartilage, but alga vitro engineered constructs.
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The principal mechanical stimuli applied in caggaand bone tissues
engineering are direct compression, unidirectiooalbiaxial stretching,
direct shear, direct shear induced by torsion, icgtlor intermittent
hydrostatic pressure and finally shear induced Ibid.f All the studied
stimuli have shown promising results in terms of tnmadeposition.
Nevertheless, experimental tests were carriedamutifferent purposes and
using different characterization techniques, primgdan environment as
close as possible to the physiological @ Some studied have compared
static and dynamic mechanical loads, showing howadyc stimuli
generically increase the amount of synthesized E83ML44). Thus, both
chondrocytes and osteoblasts seem to prefer a dygraauture. Frequency,
amplitude and loading time may strongly influenadlutar metabolism
when cells are dynamically cultured.

It is necessary to emphasize how the functionalitan obtained construct
for cartilage or bone tissue regeneration is highdgpendent on its
mechanical properties. For example, in a perfusimmeactor, the culture
medium flow can perfuse inside the scaffold, arghear state induced by
medium can be achieved. The balance between the &@Mesis and cell
damage caused by the flow during the dynamic regiamebe regulated and
biosynthesis can be induced adjusting the cellucaltparameters. For
example, cell culture medium flow rate, indicatihg shear stresses acting
on the construct, should not be exceeded. Thedidow also plays an
important role on the alignment assumed by collaggre 1l fibers and
proteoglycans, although the mechanism is not yearbl explained. The
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kinetic of the reactions is influenced by the shetaesses imposed on the
construct. The mentioned effect is usually assediatith the presence of
calcium-based signalling molecules which can modél proliferation and
biosynthesig137) Therefore, in cartilage tissue engineering, fiassible to
optimize the final product properties, defining lawf regime along the
radial and axial scaffold directions. In conclusiahese studies have
demonstrated how the applied stresses should seremnificantly the
construct properties, compared with a non-conttoltate, such as a
turbulent flow(66, 68, 145, 146). In this way, a controlled loading regime

can enhance the ECM deposition, improving the celtaproducibility.

2.4.3 Growth factorg137)

The main growth factors used in tissue engineerfng cartilage
regeneration are the TGF{transforming growth factors), insulin | (IGF)
and bone morphogenetic proteins (BMPs), supplied inell culture to
improve the main cellular functions. Indedd, vitro experiments have
shown how TGH} can increase proteoglycans synthesis, also inducin
phenotypic dedifferentiation when chondrocytes aficalar cartilage
osteoarthritis were cultured. Using a concentradbB80 ng/mL an increase
in collagen content is obtained, maintaining a hfgdction of type I
collagerf147). IGF was also combined with cyclic mechanical istra
increasing the ECM synthesis. The BMP factors (21.23) are employed
in a ranging concentrations up to 100 ng/mL, toagcke matrix deposition
and collagen content in the engineered construtidi€& have also
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demonstratgd48) how the combination of IGF and TQd¥F-can also
increase GAG and collagen contents, if comparedth aittraditional cell
culture. These growth factors, when combined wittlic loading regimes,
can be a powerful tool for the regulation of theinmgynthesis mechanisms

in cartilage tissue.

The aim of bioreactors is providing these descrilséichuli, to rapidly

increase cartilage synthesis for implanting, buthatsame time improving
the properties of the construct. One of the massug engineering
objectives is to combine these stimuli with an appiate choice of cells, a
good seeding concentration and a proper scaffoldeims of material,
shape, morphology and structure in order to opentie future construct,

which will subsequently be implanted.

2.5 Bioreactors used in tissue engineering

Several types of bioreactors are commercially abéel for different

purposes, such as tissue engineering, chemicaktinyypharmaceuticals,
food industry, agriculture and waste processing. €artilage and bone
tissue engineering, there are several suitableed@bor configurations,
depending on the application, the type of stimatatand the established
flow profile. Following, a bioreactor list is reged in which the common

bone and cartilage bioreactors are described.
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Spinner Flask(137)

Spinner flasks are common bioreactors in whichrlauient flow is imposed
in order to increase nutrient, waste removal angger diffusion. Spinner
flask was the first bioreactor designed for dynamigitro culture for bone
and articular cartilage tissue engineering; conmgra simple geometry with
a high cell growth efficiency. The seeded scaffads typically immersed
in the medium and suspended using needles. Thereuledium is
constantly stirred to ensure the correct diffusionfact, cell cultures are
carried out in glass containers with a relativelghhvolume of medium,
which is maintained in a constant motion by a mégmaotor. A frequent
medium replacement is needed due to the accumulatio cellular

metabolites during cell culture.

outer cylindar

/\ nner cylinder

\\) :

RWPY

outer cylinder

Fig 2.2. Bioreactor layout: (A) Spinner flask, (B)STLV and RWPV, (C) Perfusion(2,
36, 149).

The continuously medium change can be considered ainthe main

limitation of this technique. In addition, to ensua constant oxygen and
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carbon dioxide supply respectively for cell metadmland pH stabilization,
the chamber is open or not sealed. Gas permeataynb® guaranteed by
introducing 0.22um-filter to avoid bacterial contamination. Howevére
system must be placed in a sterile humidified imtabat 37 °C and CO
controlled66, 68, 145, 146).

The main defect of spinner flask bioreactor stidmains the non-
homogeneous flow, which it is difficult to definepalyze and model.
Moreover, mass transfer is often inadequate anccaase cell damage and
apoptosis. The cartilage construct formed in spinitesk is generally
characterized by a more dense area in the outergral shows an increase
of dissolved GAG in the medium, probably due tottivbulent flow and the
associated shear stresses. Thus, compared to lmthreactors, the GAG
level in the scaffolds appears to be lower. Thelteobtained with spinner
flask have led to the new system development irerotd eliminate non-
homogeneous, turbolent and not-controlled flowthacell culturg137)In
the figure 2.2(a), it is possible to observe asgirflask bioreactor.

Rotating Wall Vesse(137)

RVW (Rotating Wall Vessel) is a rotating bioreact@VV is composed by
a cylindrical chamber with an empty space for mediilling and where the
scaffold is cultured. The chamber bottom is fixgdWwo plates to a rotative
motor, and the scaffold is subjected to a contisuatative motion, which
generates a microgravitational-like environment. s Gaxchange is

guaranteed by the presence of a silicone membraree lwacterial filter.

78



STATE of ART: tissue engineering

These systems generally contain an high quantitpnedium (about 100-
110 mL) and up to 12 constructs can be cultureck RNVV was firstly

introduced by NASA and it is currently on commerdéere are several
variations of this system, including STLV (slow riurg lateral vessel),
HARV (high aspect ratio vessel) and RWPV. Throudiese special
configurations, it is possible to modify the numtiegradient inside the
chamber, changing the flow state from a non-homeges to a constant
profile. Figure 2.2(b) shows the STLV and RWPVdatg36).

Rotating Wall Perfusion Vessel Bioreactors (RWPV)

The rotating bioreactors, which induce perfusionsecaffold, were widely
used in cartilage tissue engineering. CultureRWWPV were carried out up
to seven months experiments in order to evaluadiblogical properties of
the obtained construct. In principle, RWPV bioreastwere designed to
ensure an adequate environment for mammalian eglish are sensitive to
shear. Mammalian cell-based tissues are successfutlred using RWPV
both on Earth and in the absence of gravity. In, fstadies carried out in the
Spac¢l50) have tested several bioreactors (rotating andnspifiask) and
have generally reported an increase in the engdeeconstruct
homogeneity, due to the different gravitationaltestaOnly the scaffolds
cultured in RWPV on Earth have shown an homogenesiuscture
comparable to the previous case. The results atiéi¢al by assuming how a

microgravity-like environment can be simulated. fEfere, in RWPV,
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construct uniformity, GAG and collagen contentshia matrix are relatively
high compared to a spinner flask cul{i&, 151).

The bioreactor developed at NASA's Johnson Spao¢ée€Cis composed by
a cylindrical medium container (110 mL as maximuoiume) with the
space for 12 scaffolds. The cylinder can rotatdat®rhorizontal axis. The
scaffold may be radially suspended, floating on ¢bk medium thanks to
the balance between two opposite forces: gravitg #rwe shear flow
generated by centrifugal force. Adjusting this sylonism, the bioreactor is
able to cancel the directional effect of gravityaging the construct in
permanent free fall. The outcome of the appliedcder results to be
unpredictable and random fluctuations can be aekien the scaffold, in
terms of velocity, pressure, shear and shear itbgelow, enhancing the
final homogeneity. Long-term studies on cartilaigsue engineering, about
seven months, have demonstrated how scaffold maethgmroperties are
comparable with articular cartilage. Howeven vivo studies, firstly
conductedin vitro, have revealed an incomplete integration betwéen t
native and the engineered tissue after imld).

Tissue integration is still a problem, only paftiakolved, for many
applications of articular cartilage regeneratiomother problem of RWPV
concerns the relatively long times needed to obtirconstruct with

sufficient biological and mechanical properties.
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Perfusion Bioreactor(137)

The perfusion culture is a system developed tanafiatrients transport and
waste removal directly through the scaffold bulkrpgssing the limited
kinetics of the simple diffusion. In the perfusibioreactor, a permeable
scaffold can be fixed and housed on a impermedidenber. In this way,
the culture medium flow is constrained to pass @lthe scaffold sections.
The most common configuration of a direct and camissteady-state flow,
in which secondary flows and stagnation points elmminated. It is also
possible to perform a culture with multiple scaff®l placed in series, using
the same medium flow. The perfusion state influsnadondrocyte
metabolism duringn vitro growth, such as cell activation, gene expression
and biosynthesis, but, also in this case, the nmsimais not yet well-
known. In fact, perfusion increases cell prolifevat and the matrix
synthesis compared to the traditional static cakuiThe axial flow, added
to provide a wide gas exchange, media transportveaste removal, also
produces a general cell alignment along the florgation. In this way, the
scaffold microstructure analysis generally shows pinesence of aligned
collagen fibers along the chondrocytes, with a wime of aggregated
proteoglycans. Also the mechanical properties efdhtured scaffolds may
be affected by perfusion showing higher elastic alioth compression
when compared to static or spinner flask cultutasfigure 2.2(c) it is

possible to observe a typical perfusion systemreef@6, 39-41).
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Concentric Cylinder Bioreactor (CCBR)(137)

A important feature of a bioreactor for cartilaggeneration is to reduce the
not-controlled and undesired shear stresses indogedrbulent flows and
to improve the efficiency of the dynamic cultureinmmizing cell damages
and apoptosis. These bioreactors are charactebyen high productivity
provided by the large surface area. CCBR is dedigneminimize shear
stresses with a high culture surface area, whilentaaing a simple
geometry to ensure the nutrient transport. CCBbisstituted by a cylinder
placed vertically and equipped with a motor to t@tat constant speed,
presenting a shape similar to a viscometer. Thelymed flow profile is
homogenous due to the bioreactor design, in faet aylindrical shape
provides a controlled medium speed. The produatfoextracellular matrix
is influenced by the speed rate. Specific studegerhdemonstrated how a
high flow speed and related high shear stressesaaase an increase in
GAG content in the first days, but later a decraasecorded. At a low rate,
a GAG increase is achieved only after two weeks.

A) B)

= gas outlet

pump

i medium
i K= inket

Fig 2.3. (A) CCBR and (B) RSB bioreactor layout
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According with the obtained results with CC@RB2), a single constant flow
seems to be not sufficient to ensure a proper magmthesis; however,
after changing the motor speed, the ECM biosynshesn be modulated by
a different hydrodynamic state, suggesting howndnacyte metabolism
may be altered by the speed rate and therefolfeetoetative shear stresses.

Figure 2.3(a) shows the CCBR configuration.

Rotating-Shaft Bioreactor (RSB)36)

The RSB bioreactor was recently developed for legi tissue regeneration
and the culture was carried out in two phases. R8B is composed by a
cylindrical container placed horizontally and ces$sy a stainless steel
shaft. The shaft is linked to a rotative motor whimoves the culture
chamber, and it is equipped by 22 needles to susespectively 22
constructs. The culture chamber is half filled withedium, while the
remaining part is occupied by gas, allowing a twage culture. Fluids are
forced through two independent pumps, one for nradaerfusion, and the
second one for gas exchange. In this way, a camigunass transfer and a
good oxygenation are achieved. During a cell calttine rotation direction
is generally inverted every day. The studies, peréal by the RSB
bioreactor, have revealed how the generated shieasses are lower
compared with the ones obtained in spinner flaskMand CCBR.

In addition, the shear stress level depends orpdisgion of the construct
inside the chamber and the slight dynamic micraemment can be

modulated changing the scaffold position. The tesulbtained after three
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weeks at 10 rpm followed by four weeks at 2 rpmgvsla construct with
cell morphology, GAG and collagen type Il contesimilar to natural
cartilage, confirming the maintenance of chondrecghenotype and the
formation of a hyaline cartilage-like tissue. Igure 2.3(b) it is possible to

observe the RBS layout.

Biomechanical and Mechanical Indicator§153)

Collagen type Il and proteoglycans content candohieved by means the
use of several biochemical techniques, commonlyouiin indirect
indicators. The most common method to evaluate ntfagn component
contents in tissue engineered cartilage include tadiolabelling, a
technique based on the recognition by isotope liagelto identify the
isotope {°S] of sulfate group andHi] of proline, giving a indirect measure
of proteoglycans and other synthesized proteinsuamo

Several technigues have been developed to estithateharacteristics of
the cultured matrix; among them physical methods wmed to assess the
weight percentage of both dry and wet constructottrer methods to
recognize the specific mMRNA involved in the synthe®f specific
biochemical signalling molecules. In another verggse techniqueRT-
PCR (Reverse Transcriptase-Polymerase Chain Rea(lilfi)) 154), the
MRNA produced by cells is extracted, multiplied aimklly analyzed.
Histology is also used to mark certain moleculaugis along the section of
the sample, for examplgafranin Oassay is carried out to mark the GAG
aggregate distributions then viewed by an opticalicrescope.
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Immunohistochemical techniques are also employedidemtify more
specific molecular markers. For cartilage tissugiregering, the techniques
mainly used to assess the quality of the engineawadtruct and the correct
cell activities are generally focused on the measfiiGAG, collagen type I
contents and the presence of biochemical signaitiotecules involved in
the matrix synthesis.

In addition to the biochemical assays, mechanestktare generally carried
out to characterize the final cartilage constrilitte mechanical parameters,
which may be evaluated on the obtained scaffolé, swmmarized in
equilibrium moduludHa [MPa], dynamic stiffnes$lp [MPa] and hydraulic
permeabilityk [m*Ns10™]. The equilibrium modulus can be measured with
a simple compression test in a confined chamberhe imposed strain
is maintained constant, the recorded stress degeagonentially due to
relaxation. A equilibrium value is finally reacheahile the modulus can be

calculated by dividing the equilibrium stress te ttlonstant stra{ti54).

2.6 Mechanical stimulation in tissue engineering ctlage

As widely described, thecbmplex organization of articular cartilage is not
an intrinsic property of chondrocytebut can be considered the result of
several physiological stimuli and vivo mechanical loads(’153) Numerous
studies have demonstrated how an unloaded artifitdrcan be subjected
to a mechanical integrity loss, by reducing thetgwglycan and matrix
synthesis.
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For example, physiologically, a first fluid absagpt occurs when the tissue
is subjected to a hydrostatic gradient of compogssiThe fluid is then
squeezed out from the matrix, dissipating conseiiju¢ine energy, while
the stress state is mitigated by the matrix stregtavoiding cell damages
and apoptosis. Several studies have evaluated fteet doth static and
dynamic compression to enhance ECM synthesis icuéat cartilage tissue
engineering. Different load configurations are eatly used, such as
unconfined or confined compression, and permeableingpermeable
configurations in which the chamber walls can onrea allow the liquid
permeation. In unconfined compression, the constigudaterally free to
move, enabling the radial expansion during stinoat In confined
compression, the construct is all surrounded onh eateral side. In
permeable configuration, scaffolds are housed antlired between two
porous plates which permit the fluid permeation imyrcompression.
Actually, the mechanical stress state which takasepin natural articular
cartilage, is not yet completely known. Howeverlated studies have
emphasized how during unconfined compression anhehigECM
deformation occurs if compareditovivo cartilag€153). A brief description
iIs now reported, concerning the results obtained amplying static
compression, dynamic compression, tensile streg¢hicyclic and
intermittent hydrostatic pressure, shear stress| tamally shear stress

induced by fluid (precisely by perfusion).
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Static Compressior§153)

The results obtained using a static compressioe Bavwed a decrease of
gene expression and matrix biosynthesis of cadilpgoteoglycans and
proteins if compared with the data achieved apglylynamic forces. These
effects are generally attributed to a lower maassier, due to the pore
reduction which leads to a low nutrient transpatowth factors and
metabolite removal from cells to matrix and vicear Considering the
physiological conditions, matrix shrinkage alsounés pH decrease caused
by the increase of the negative charge density (F&id, accordingly, the
amount of ions attracted from medium. In literajs@veral works show the
influence of static stimuli on the cartilage syrdise Following, these
studies are briefly described.

Bushman et a)116), and Kim and colleagugb5) have conducted
experiments in which chondrocytes were seeded attdred on agarose
scaffolds and on devitalized animal cartilage.hese studies uniaxial static
compression was applied, using a not confined gardition by two
impermeable disks, and a decrease in matrix syisthesms shown.
Buschmann and colleagues have obtained a incned$s] sulfate and’H]
proline when constructs are not compressed. S$étiwuli have induced a
small effect on the engineered constructs, entpifinlow biosynthesis at
early cell culture time points, while inhibiting BCformation in samples
where the compression value were higher or at ke points. On the
other hand, Kim et al. have demonstrated how bit&gis can be resumed
and how cells were not damaged due to the mecHastinaulation during
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the recovery and after applying a static load I@r hours at 50% of
amplitude. PGA nonwoven fabric constructs with aogay of 97% were

cultured with bovine chondrocytes by Davisson apitbague$s3, 144) and

stimulated with static compression tests afterehreeks of free-swelling
static culture. In this experiment, static compi@ss were carried out using
strains of 10%, 30% and 50%. The obtained resale lshowed a sufficient
amount of deposited matrix, in which 10% and 30%amhpression have
not reported any effect on biosynthesis and GAGrotein contents, but
50% of compression has reduced the S-GAG and ptb&ins total content
of 57% of 35% respectively when compared to congamnples. Other
similar experiments were also carried out by Takhhat al(156) using

MSC cells under a static load. These experimenige hather produced an
increase in cell activation and matrix synthesisldgjical evaluations were
performed with RT-PCR techniques, which have dernatexd how the
chondrogenesis increase is due to Sox9 activadidrgnscription factor for
collagen type II, and due to the relative represigactivation, IL-B. So, an

increment of collagen type Il expression was adilewvt is possible to
observe the disparity in results obtained usingumeatthondrocytes or

MSCs, which are both cultured in static compressmmditions.

Dynamic Compression(153)

Generically, experiments conducted using dynamimpession have
always shown an increase of mechanical propertidsGAG content in the
obtained tissue. In addition, an acceleration efdfinthesis process can be
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often achieved. However, the dynamic compressiaays gives better and
promising results compared to the static one. @ueciyclic dynamic stimuli,
several physical phenomena can occur, such as traassfer, signalling
molecules transport through the matrix, local hgthiic pressure or flow
gradients, which take place inside the culture diemand stimulate the
engineered constructs. It is difficult to determihe individual effect of
each component, since happen simultaneously.
However, it is widely demonstrated how a dynamiclicg compression,
may be an useful tool to increase the matrix bidwsis. Several devices
were considered to induce dynamic compression §tonuconstructs, thus
the main parameters to take into account duringigal experiment are the
following:

= applied load frequency;

* imposed stress or strain amplitude;

= |oading time schedule (stimulation duration, numbgkrcycles, rest

period between cycles, number of stimulation at, dagt period

between stimulation, day number experiment).

Stimulus Min Value Mazx Value
Frequency (Hz) 0.0001 3
Load (MPa) 0.1 24
Strain (%) 0.1 25
Duration Hours Weeks

Fig 2.4. Range of frequency, strain and load appléefrom Darling et al.(153,154).

89



STATE of ART: tissue engineering

Table of figure 2.4 shows the common ranges of phevious listed
parameters, used in dynamic experiments. Buschraadrcolleagues have
found a f°S] sulfate increase from 15% to 25% in the obtaitissue,
performing a dynamic compression culture on chorytes seeded on 3
mm agarose scaffolds. The used culture parametmes 3% cyclic strain at
frequencies from 0.01 Hz to 1 Hz with a static effsf about 25% (0.73
mm), using a not confined configuration. The ol#diragarose scaffolds
seemed to offer similar characteristics and proteamtent of natural
cartilage, thus allowing the maintenance of celtphology and phenotype.
The observed high extracellular matrix contentnsagreement with the
hypothesis concerning the ECM transport mechanisinish can regulate
the signalling molecule behaviour due to the celki® interaction. This
experiment also reflects an increase in matrix dijom in the outer part of
the scaffold compared to the central zone.

An increase in tissue biosynthesis was discoveyedilm and colleagues as
a result of a dynamic load application. Also irstbase, the dynamic stimuli
have reported a radial inhomogeneity in cellulantsgsis, probably
influenced by the different stream flow induced thne different applied
frequency. Animal derived constructs were analyagidaulating cells with
frequencies of 0.01 Hz and 0.1 Hz, both revealingincrease in matrix
biosynthesis. In the second case, the formed matrwonfined only in the
outer part due to the high frequency effect. In,feadial stresses induced by
flow increase with the frequency, while the scaffolcultured at 0.01 Hz

have exhibited a greater homogeneity.
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Davisson et al. have cultured chondrocytes on PGAwoaven fabrics in a
confined configuration at 0.001 Hz and 0.1 Hz arfd B amplitude,
modifying the imposed static offset from 10% to 50Bke collected results
have showed a significant increase in GAG conteabinpared with static
control culture. The loading regime appears to loeenfavourable using an
offset of 50% at 0.1 Hz, where the increase ofganoand GAG contents are
higher if compared to the control cell culture, wdas a general increase in
protein content was obtained by applying a dynamexime at 10% of strain
offset compared to static compression at the sdfsetdevel. The increase
of matrix deposition at higher frequencies was plbp attributed to a
corresponding increase in the flow velocity, whad¢ lower frequency
directly to the mechanical deformation.

0.3Hz 1Hz 3Hz
Superficial
Cells ¢ GAG ‘ GAG ¢ GAG
? Proliferation ? Proliferation # Proliferation
¢ GAG ? 509 GAG 4> GAG

Deep Cells

«—p Proliferation ﬁ Proliferation ) Proliferation

¢ o f 10% GAG > GAG
Full Depth GAG
Cells

T Proliferation ? Proliferation # Proliferation

? =1ncrease ‘ = decrease <+« - change

Fig 2.5. Experimental results presented by Lee an@0(153,157).

Comparing the results obtained by Kim and Davissorhoth cases it is

possible to underline the increase in synthesisaiobtl through the
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application of a dynamic stimuli if compared to t&taconditions.
Nevertheless, Davisson et al. have obtained thé tessilts at 0.1 Hz
frequency, while Kim and colleagues have achievatba-homogeneous
tissue at the same frequency. However, it is ingmirto underline the
presence of many differences in the experimeningetand for this reason it
is very difficult to compare the results. Figur® 2hows the data obtained
by Lee et al. using chondrocytes isolated fromedéht parts of articular
cartilage. Cells were seeded on 3% agarose scaffmldvhich unconfined
dynamic load was applied with a strain of 15% clwagghe frequency,
respectively 0.3 Hz, 1 Hz and 3 Hz. Concluding,esalsimilar studies are
reported in literature carried out with few diffateconditions. Small
variations in the experimental setting, stimulatparameters, cultured cell
type or biological evaluation techniques can caauseibstantial change in
the obtained results making the comparison diffichlepending on the
culture parameters and the cyclic compressivestapglied, it is possible to
obtain an increase in protein amounts, matrix ®gi# collagen type Il and
aggrecancontents, as well as better mechanical propeofi¢ése constructs
if compared to the static culture.

C/C-UN  Aeg®a  offsetefo w{Hz) h{mm) time scaffold type cell

Buschmannetal. UN-C 3 25 0,01-1 3 Agarose  Chondrocytes
Kimetal, UN-C 77 0,63 0,1-0,01 1-3 23h Explant  Chondrocytes
Devisson et al. C 5 10-50 0,001-0,1 2 24h PGA Chotidrocytes
Torzillietal. UN-C  (235MFa) (0,5MFa) 1 Ezplant  Chondrocytes
Leeetal. UN-C 15 0 0,3-13 48h Agarose  Chondrocytes
Martin et al. f 20 25 sin 2-12-24h  HA-derived Chondrocytes
Dermateanetal.  UN-C 5 5 0,102071 2k Jdays  PEGT/PBT Chondrocytes
Bonassaretal. UN-C 3 0 0.1 Explant  Chondrocytes
Maucketal. UN-C 1 0 1(1h/ih) (5/7day)zd  Agarose  Chondrocytes

Fig. 2.6. Experimental parameter found in literature, where the analysed parameters
are confined or unconfined compression, strain, @strain, frequency, thickness,
loading time, type of scaffold and finally cell type.
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Other studies were also performed combining théicyaad variation and
the number of seeded cells. The best propertiestdaened by starting with
a small seeding concentration, due to the benéffiact induced by mass
transfer and dynamic flow of nutrients, which isilited by an excessive
presence of cells. Table of the figure 2.6 shovwesntlain parameters used in
the principal studies found in literature. Figut@ 8hows some examples of
bioreactors used to apply dynamic stimuli. In gaheghe motion is ensured
by a motor, which can be pneumatic or electric §tepper motor combined
with a screw or a cam system). The load and theoroheftion are

respectively monitored through a load cell andspldicement sensor.

Air Input [ n e

Air Cylinder

Piston

Piston Rod
Air Port

101.6 mm

Air & Fluid
Exchange Porl

Porous Platen

Specimen Holder

Cartilage Explant

Fig.2.7. Some examples of cartilage bioreact(®1, 46, 158-160).
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Tensile Stimuli by Stretching(153)

Some experiments were also carried out using tensitetching on
cartilage. Lee and colleag#6l) have seeded embryonic chondrocytes on
elastin membranes. After 5 days of static cultlamellae were subjected to
a 10% of cyclic strain at 1 Hz frequency for 8 lguor varying the electric
fields with a frequency of 60Hz electrical stimudat with current densities
up to 1000 nA/mrh Lamellae were fixed using two supports. The tssof
this in vitro experiment have highlighted how chondrocytes rditesed
directly to the elastin fibers. Both methods shoveedincrease in GAG
synthesis, respectively two and three times higlmmpared to controls,
while generally lacking in collagen type Il and etlprotein contents.

De Witt et al(162) have used a different approach, in which chondescy
were cultured for 14 days. Before applying dynaoanditions, a 5-8 layers
of cells were formed to provide a sufficient stéés. The mechanical
stimuli were applied directly to the scaffolds. &kesch of 5.5% at 0.2 Hz
frequency was imposed. Results have revealed arease in gene
expression in the early cell culture time pointi{(R4However, protein and

collagen contents result unchanged, thus repoatiB@\G increase.

Looking at the literature data, it is possible bserve how, applying a short
period of stretching, a change in chondrocyte nadisiin and an increase
proteoglycan contents can be induced. Other methaixl to apply
stretching are listdd53):
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= Scaffold is stretched after seeding;
= Cells are cultures on a flexible membrane, latgrdiked. The

membrane can be stretched through vacuum or peessur

Hydrostatic pressure - Cyclic and Intermittent (153)

The hydrostatic pressure is a crucial componemtrtdular cartilage. Shear
flow or cell deformations cannot be induced by poes stimuli, but the
liquid acts directly on the chondrocytes. Unlike direct compression,
generally the application of hydrostatic pressimes not cause a change in
scaffold structure, maintaining its integrity andomling shear or tri-axial
stress formation. The physiological levels of hytatic pressure are
estimated in the range between 5 MPa and 15 MPeresh MPa coincides
with the stress in a knee during a normal walk.

Parkkinen et a163) have cultured chondrocytes on cartilage explants a
on simple multi-well plates (without scaffold), dppg a cyclic hydrostatic
pressure. An increase in proteoglycan synthesisfawasd as a function of
the duration and the amplitude of the used stimwugpressure of 5 MPa
was imposed, changing the load time and freque&tyrt periods of
stimulation, about 1.5 hours, have caused sigmificzhanges in sulfate
incorporation only in the culture carried out omtidage explants, but not in
the simple culture, where it was inhibited. Conebrs long-term
stimulations, 20 hours, have showed an increaseildte incorporation on
both the chondrocyte culture at frequencies of ®2%&nd 0.5 Hz, but not at
0.0167 Hz as frequency. Thus the obtained reslilbsv &o assert how
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chondrocytes-matrix interaction can be modulated pogssure stimuli,
involving dynamic culture parameters as frequenag pressure. Simple
chondrocyte cultures have produced a more flatlessl organized matrix
when compared with culture on the cartilage expglanikenue and
colleaguegl64) have performed human cartilage chondrocyte cudfure
where an intermittent hydrostatic pressure (IHP$ applied at a frequency
of 1 Hz. Achieved data demonstrate how pressuratidur and magnitude
can differentially alter cell expression of matprotein, in terms of collagen
and aggrecan contents, thus providing important conditions hwrease
matrix anabolism and to enhance cartilage repaie@eneration.

In figure 2.8, it is possible to observe the petaga of GAG and collagen
contents obtained by Carver and Héa8b) in a semi-continuous perfusion
system in which pressure was also applied inteemtif. Juveniles and
adults equine chondrocytes were harvested anddhléured on resorbable
PGA meshes, imposing two different pressures 5005 MPa) and
1000 psi (~ 7 MPa). The loading time was 20 mindtasy and was
composed by intermittent pressure cycles of 5 sicd@N and 15 seconds
OFF. The scheme was repeated every 4 hours fomfeeks. Before each
loading stimulation, 20 mL of fresh medium was pséd in the scaffold for
three minutes. The best results were found obwouslcultures where
younger and more active cells were seeded. Howévdopth cases, the
engineered constructs exhibit a small amount of GAGd collagen when

compared with the natural cartilage contents.
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Intermittent GAG Concentration Collagen Concentration
Pressure (ing/g tissue) (ing/g tissue)

Foal Adult Foal Adulr
Native Cartilage 40 - 120 80 -120 100 - 150 120 - 180
Control 26.0+£24 4 2.0+1.0 6.3£1.6 0.5£0.3
(no pressure)
500psi 89.3+31.4 5.7+1.0 6.7£1.9 3.0=03
1000psi 133.7+£38.5 3.5+1.4 11:942:7 7.3+0.5

Fig.2.8. GAG and collagen contents after IHP cultug(153,166).

A general increase in protein contents and a bptienotype response by
chondrocytes can be obtained applying hydrostagsure on the tissue

engineered scaffold, nevertheless a drop in cellfpration may occur.

. "
AL
w w.s | VDT

Fig.2.9. Direct shear bioreactor: by torsion (left) direct sliding (right) (44,43).

Direct Shear Stresq153)
The articular cartilage is responsible for the léwetion coefficient. A

complex tri-axial stress state can be generallyeaeld during the normal
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physiological conditions, including shear stresses cartilage surface.
Recent studies have focused on the correlationdsstvdirect shear stress
and extracellular matrix biosynthesis. Currentlze tbeneficial effect
induced by dynamic compression was commonly jestiis a consequence
of flows, structure deformations and pressure g@radiwhich occur within
the tissue. Conversely during a dynamic shear sstresly matrix
deformation is generated, while flows and pressgradients can be
considered negligible. Therefore, these studies hexamined the single
effect of shear stimuli, not involving pressure diogv gradients. Frank and
colleaguegt4) have applied a cyclical dynamic shear strain ofdt%.1 Hz
as frequency for 12 hours and 24 hours, combineth va static
compression. The used scaffolds were bovine cgetiexplants. The results
show respectively an increase of 25% and 41% itepgbycan and other
protein contents compared to constructs culturedkuionly a static load.
Other studies, Kim et al, have reported similaultssin which it is not
possible to highlight a significant difference beem the outer and the
central part of the construct, as achieved in dyoasompression. Figure
2.9 shows two different devices for shear straipliagtion, respectively

induced by torsion (on the left) and direct shearthe right).

Shear Stress Induced by Flow

As mentioned in the previous chapter, the relatiwetion in articular
cartilage can also induce shear stress througlfottmeation of flow and
pressure gradients in the tissue. Researchers thiggeto simulate this
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effect with spinner flasks and perfusion systemegvipusly already

described.

Considerations on the Effect of Mechanical Stimul{153)

Various devices were developed to apply mechanisamuli on
chondrocyte or MSC cultures to promote their depelent and improve the
characteristics of the obtained construct. The ainthis chapter is to
describe the main experiments carried out for éissngineered cartilage,
concerning the use of bioreactors. However, it appéo be clear how, in
each examined study, different culture parametedseaaluation techniques
were chosen, making difficult a direct comparisbhe construct properties
results to be lower if compared to the native #sso term of composition
and functionality. Different type of stimuli wer8uistrated, and in general
dynamic conditions have improved the measured ptiegef compared to

the not-loaded control, with the exception of stabmpression.

Dynamic Hydrostatic Tension® Mixed Rotating
Compression” e Flask! Wall
Vessel®
Mass o
transfer f ? ? T ?
Proteoglycan ﬁ ? ? T ? a - Via combined perfusion
/GAG P -Radial Biosynthesis
TOTﬂl. v - Acts uniformly on cells, No tissue
Protein/ f ? 4—Pp ¢ ? deformation or fluid flow
Collagen & - Formation of fibrous capsule
N
Proliferation f
Other 1] ¥ 8
f= mcrease ¢ = decrease <p=1° change

Fig.2.10. Result summary using mechanical stimulirothe cell cultureg153).
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In figure 2.10, a summary of the explained stimigli reported. The
engineered constructs which show the best progeatie obtained by cyclic
compression, low shear, Rotating Wall Vessel wilwv Iturbulence and
combining IHP and medium perfusion. In these expents, the GAG
content is similar to the native tissue one, wthie amount of collagen type
II'is always less, suggesting how this behaviowladdead to the hypothesis
in which GAG and collagen gene expression are governed figreint
signalling mechanisn($53). Actually, researchers are trying to combine
different mechanical stimuli in order to achieves thenefits reported by

each stimulus taken separately.

2.7 Bioreactor used in bone tissue engineering

The main purpose of bioreactors is to guaranteednect oxygen content
and mass transfer, increasing the cellular consipugperties or at least
accelerate tha vitro step. Several configurations were designed inrdale
apply mechanical stimuli on bone cells, trying tdnme the in vivo
conditions. For example, long bones are both stdygledo localized
compression and bending due to their curvilineapsh Shear stress, flow
and pressure gradients can be found in Volkmann renwérsian canals.
Perfusion and pulsatile fluid flow were mostly apgl but also uniaxial
stretching, direct compression and pulsatile hydtas pressure have

reported good results and benefit to ¢8Bs42).

100



STATE of ART: tissue engineering

Shear Stresses induced by liquid

Several studies have demonstrated how fluid sheaurs in physiological
bone environment through the tissue porosity, orga flow and pressure
gradient. Perfusion was both applied on 2D-layed &b-scaffold cell
culture, showing an increase in mechanotrasductibime commonly
proposed experimental settings are very similath cartilage perfusion
bioreactors. Bone perfusion system differs only foe presence of an
oxygen exchanger, in fact osteoblast and osteoclditres require an high
dissolved oxygen content. GPla murine stromal celured on a collagen
scaffold for 21 days at 1.3 mL/min by Glowacki €(¥57), have shown an
increase in gene expression and DNA content in eoisgn to the static
control. Botchwey and Co. have reported a signitigaupregulation of
ALP (Alkaline phosphatase) and calcium deposition & 7 days-long
culture of Sa0S-2 cells seeded on PLGA. McAllisked Frangos have
discovered an increase in prostaglandin (EGE) and nitric oxide NO
content in rat osteoblastic cells cultured for B-6nder shear stress. Finally,
Sailon and C@168) have obtained an increase in DNA content and et
scaffold distribution and penetration in polyuretbascaffolds seeded with

murine preostoblast and loaded with a flow raté.6fmL/min.

Uniaxial and Biaxial Stretching

Uniaxial stretching seems to reproduce appropsidtee stresses found in

the mineralized bone, in fact a simple tensileesggnerates a compressive
deformation in the transversal direction, achievangroper stress state.
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Duncan and Turnét69) have demonstrated how the stresses naturally
transferred to bone cells are principally uniaxehsion and compression
forces, while biaxial cannot be considered as aalidondition to mimic the
bone physiological environment. However, biaxiae&thing was widely
investigated. ALP upregulation compared to stabatwml was found by
Yang et al. in primary human osteoblasts seededPldnA and uniaxial
stretched for 30 min/day at 1 Hz and 1Q@@rain as amplitude. An increase
in matrix synthesis and collagen production waseadd in rat osteoblasts
cells stretched using a 4-point bending system f50® to 150Qustrain for
2-24 h at 0.4 HA70).

Finally, human osteoblastic precursor cell line@#-1.19) were seeded on
matrices and then stretched uniaxially at 1% straiflz, 1800 cycles/day
(30 minutes) for 21 days. The results obtained dnatius et al. show an
increase in proliferation and differentiation. lddéion, ALP, OCN and
OPN were slightly upregulated when compared to ratdted controls,
while collagen expression appears to be downregnif#8).

Hydrostatic Compression (Pressure)

Considering the large water content, cells can $surmed as virtually
incompressible systems. Researchers have justified application of

hydrostatic pressure (HP) asserting the formatibrstear stresses and
perturbation along the interface cell-substratehait any clear evidence.
Thus, the physiological relevance remains a coetal debate, although
HP is commonly and successfully used in both eméland bone tissue
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engineering. In general, a hydrostatic compressimtem can apply either
intermittent ICP or cyclical CCP pressure, actingliguid or gas. In the

first case, the imposed pressure is transferred aguare wave (pulse),
while in the second case the gradient can be cereidsinusoidal. In

addition, it is important to underline the diffecenbetween cell cultures in
which liquid or gas were used as vectors to incadeydrostatic pressure
increase. In fact, the dissolved oxygen partiabguee surely increases with
the increasing of gas pressure, adding more vasata the system; while

this effect is avoided by acting directly on thdtaere medium. Nagatomi

and colleaguds6) have demonstrated how osteoblastic functions are

correlated to mechanical load parameters duringllacalture. The impose
loading regime, 0.25 - 1 Hz for 20 minutes anddt b0 and 40 kPa, results
in ALP upregulation after 5 days, not altering geshtion and OPN
expression. Intermittent hydrostatic pressure (I@@¥% applied at 0.3 Hz
and 13 kPa (rate 32.5 kP3sby Roelofsen et 57), resulting in ALP,
collagen and actin upregulation compared to stdirol for both mouse
OB and OPR cells. ICP at 13 kPa and 0.3 Hz is adsal by Klein-Nulend
to investigate OPN, ALP and collagen expressiotainarial osteoblast-like
bone cells MC3T3-E1.

Direct Compression

The direct compression has been extensively imyegstl in the field of

tissue engineering, although it is mainly usedartilage tissue engineering.
However, a general increase in RNA synthesis wasddyy Shelton and El

Hay under cyclical direct compress{@iil).
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Effect of short-term rest period

Recently, short rest periods were introduced toichvimne’s osteogenic
saturation caused by a continuous loading. In fawtchanical stimuli
regulate principally cell activation by mechanothastion; on the other
hand, a prolonged application can lead apoptosisath damage.

Batra and colleagues have inserted 5s, 10s andoflsst period in

oscillatory fluid flow, 1 Pa and 2 Pa as shearsstr@mplitude at 1 Hz. The
rest period insertion causes an increase in iftud&e calcium ions and
OPN contents compared to continuous loaded contrefsile PGE

expression reports similar leye0d-63).

Bone signaling molecules: cell culture characterizeon

In order to characterize a bone cell culture, sdvdechniques are
commonly used, such as the quantification and ifieation of certain
signaling molecules, growth factors, interleukinsytokines, gene
expressions and specific ions involved in bone melimg and
mineralization. Cell culture can be evaluate anatyshe produced proteins,
molecules or enzymes, such as using a specificy desaeach kind of
cellular signals, Wester blotting, gel electroplssse or measuring the
directly gene expression during the culture, sushuaing RT-PCR or
specific kits. Briefly, a description of the pripail signaling molecules are
reported, to better understand the explained wadyksic oxide (NO)(172)
radical can give information about cell activitydamone remodelling,
through the inhibition of bone resorption and medhtL-1 (interleukin)
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expressionIL-1 andIL-6 are also involved in inflammatory response, in
fact osteoblasts secrdle6 to stimulate osteoclast formation. Prostaglandin
are also important for bone formation, for exampiestaglandin kinduces
osteoblasts to release bone resorption factors $ieoolasts, while
prostaglandin 4 is a lipid molecules which drives the ECM syntheansl
the angiogenesis decrease, increasing vasodilatatapoptosis and
inflammatory responsénsulin-like growth factodGF -1 and-2 are growth
hormone related to eachother, which govern celliferation, growth and
may act as inhibitor of programmed cell death. Gedbility is also
controlled by the cytokind GF (Transforming Growth Factor)COX-2
(CycloOXygenaseand c-Fos are proteins implicated in the regulation of
differentiation, proliferation, and apoptosis, edicg the inflammatory
response byAP-1 transcription factgrin order to counteract cell damage
and the invasion of foreign cells or not recognibedy (such as tumors).
Osteopontin is specifically involved in bone remlodg playing a crucial
role in mineral matrix deposition and osteoclasteesion. Osteopontin is
encoded by several genes, such @BN, RunX2 and Osterix (OsX
expression by osteoblast8unX2and Osx are entailed in collagen type |
upregulation, whileRunX2 and RunX3are also associated to osteoblasts
differentiation, proliferation (in the first stagd cell culture), and finally
they are implicated in mineralizatio@steocalcinplays an important role
on calcium ion homeostasisa and bone mineralizatidrile osteonectin
promotes mineral crystal formation, starting mitieedgion. Osteonectin
also presents a strong affinity for collagen typeilkaline phosphatase
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(ALP enzyme) removes phosphate groups from several caleke by
hydrolyzation and it drives their deposition on thmeneral matrix. ALP
name suggests how it works principally in alkalereironment. Obviously,
the collagen and calcium ionscontents play a crucial role in the ECM
synthesis and mineral matrix deposition. Dependingtheir own aims,
these signaling molecules may present differenhdseduring the cell

culture.
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3. MATERIALS AND METHODS

The proposed work is focused on the design andoj@vent of bioreactors
for bone and cartilage regeneration, in which optioell culture conditions
are controlled (temperature, nutrients, carbon idexlevels), and two

different mechanical stimuli can be applied on d&#l constructs. This
section presents technical considerations regarthegdeveloped device
and the opportunities in bone and cartilage tissugineering. In fact, the
results of these stimuli must induce the propeivatiobns of cells, naturally
accustomed to similar stresses in the joint. Thed gbthis bioreactor is to
reproduce as close as possible the mechanicaliadkdmical conditions of
the physiological environment. The proposed systedesigned to work in
a completely autonomous way, providing the contfadeveral parameters,
even remotely via web. A peculiarity of the propbsystem includes the
ability of applying two different types of mechaalstimuli, such as direct
compression and cyclical hydrodynamic pressuretiiisrreason, a silicone
membrane was introduced as a flexible element nhection between the
sterile environment and the mechanical componentstfess application,
which makes the culture chamber effectively sepdrand individually

manageable, sterilizable and autoclavable, whilevidmg a large gas

exchange area close to the cell culture. The syspt@wvides a continuous
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medium flow through a peristaltic pump and theigbtb set automatically

all the timing parameters of stimulation by softejasuch as the number of
cycles, the number of repetitions, eventually thst rperiods, offering a
wide range of biomechanical stresses.

The proposed work can be divided in three maincgpihe first section

concerns the bioreactor description, the secondritbes the production and
characterization of the scaffolds used as cell supg-inally, the third

paragraph lists the experiments performed in tveldped device.

3.1 Materials & Methods part 1: Device description

The device was designed in three main parts. Ag fr sterile environment
is constituted by the culture chamber and the fio@ of nutrients powered
through a peristaltic pump. The second part is dhagport structure that
applies mechanical stimulation on the cell culturnally, the written
software and the computer-controller allow the ngamg of all parameters,

maintaining the required culture conditions.

List of materials:

- Polycarbonate LY sheet 4 mm and 9.5 mm;

- SYLGARD® 184 silicone elastomer;

- four channels peristaltic punffainin RP-1

- Watson & Marlowplatinum-cured silicone tubes;

- DC servo motoPhysik Instrumente (Pl) model M230;10
- Honeywellpressure gaugaodel 26PCDFA1{G
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- button load celDsEurope model BC301.3Kg;

- Pt100 thermoresistor#dlcoppie cod. RS 621-7383

- a real-time embedded controlMational Instruments NI cRIO-901#ith
the following chassisNI cRIO-9014, NI 9505, NI 9237, NI 9217, NI 9205
- CO;sensoiGSS model C20:6

- filtered power supply 12V(2A) and 24V(2A).

3.1.1 Culture Chambers

Two different culture chambers were prepared tdyagpect compression
and hydrostatic pressure, respectively. The culalv@mbers were milled
from transparent polycarbonate sheets obtainingliadeical section with
the following geometrical parameters (Figure 3.4 &12): 23 mm height
and 70 mm outside diameter for the direct compoasshamber (DCC) and
13.5 mm height and 52 mm outside diameter for tydrdstatic pressure
chamber (HPC). The wall and base thicknesses vesectively 10 mm
and 3 mm in both chambers. The useful volume rieguitom the described
geometries was about 40 mL for DCC and 10 mL foCHBight housing
holes were obtained on the base to maintain andheaeh scaffold during
cell culture. The chosen hole dimensions, 0.5 mptildand 10 mm width,
represent also the sample size. The medium intkoatiet were placed on
lateral side of the chamber at the base levelhasvis in figure 3.1(c). In
both the culture chambers, the medium was supgdieé four channels
peristaltic pumpRainin RP-1and throughWatson & Marlow platinum-
cured silicone tubes with an inner diameter of mu& and 1.6 mm wall
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section, allowing the circulation of fresh mediunetween flask and

chamber (Figure 3.3).

Direct Strain Chamber (DCC)

Fig.3.1. Direct compression chamber.

chamber

Fig.3.2. Hydrostatic pressure chamber.

Each connection element was isolated from the d@eit®nvironment to

maintain the sterility inside the cell culture arbafact, the culture chamber

was sealed by an elastic silicone membrane withr2thickness $ylgard®

184) on the top, which provided also a gas exchangeni;wCQO, and Q).
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Mechanical stimuli were transferred to the cell stoucts thanks to this
connection element: the external displacements lBantransposed as
biomechanical stresses, precisely compression yaha$tatic pressure. The
silicone membrane and the chamber can be closed @i aluminium

cover and four screws with wingnuts. The sealingenguaranteed by a

PVC o-ring positioned between the cover and the bmane.

peristaltic pump

Fig.3.3. Flow line Layout.

In addition, the hydrostatic pressure culture chambdPC was equipped
with a Honeywellpressure gaugmodel 26PCDFA1Gwith 210° Pa of full

scale, positioned on the chamber wall at base .lémgb self-assembled
valves, to switch on-off the medium flow, were @dmutside the chamber
on the medium inlet and outlet tube respectiveigufe 3.3). The valves

simply operate squeezing the silicone tube witheaternal mechanical
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action. Both chambers can be sterilizable with ddath ethylene oxide, and

DCC chamber can be also autoclavable.

Silicon elastomer preparation

Sylgard® 184 Silicone Elastomer was prepared byingitwo components,
the siloxane base and the curing agent, with a #&tit respectively. To
obtain the silicone membrane, 10 mL of the mixtwaes cast in a 96 mm

petri dish at room temperature for 24h.

Peristaltic pump calibration

Generally, peristaltic pump manufacturers providaibcation curves,
representing the flow velocity as a function of tbéational speed and the
inner tube diameter. However, the calibrations wengied out using water.
Ad hoc calibration curves must be performed, carsng) the use of a
different liquid. Although culture medium is an &gus solution, it presents
a quite different surface tension. In fact, thepdsize only depends on the
fluid surface tension, liquid density and the nezdlameter. Thus, simple

flow experiments were carried out changing thetrotal speed.

Pressure Gauge calibration

The proposed pressure gauge consists in a seaedr@sistive element,
compensated by a Wheatstone bridge which makes ibposshe

measurement. The given conversion factor is 3.33psiV Equation 6
shows the conversion factor expressed in kPa/V.
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333™Y _ 000333Y. 0 PS _4g30m0¢ Y 06 . 2070312¢F2  (6)
psi psi 6.89414&Pa kPa Vv

Calibration curves were performed in order to makenore accurate
pressure measure. In fact a systematic voltageatiewimay occur during
the installation (biasing method). The pressurendiex (HPC) was
connected to a gas cylinder equipped with a comiadgpcessure gauge (1
kPa resolution) and the calibration curves wereaiobd from 0 kPa
(manometric pressure) to the sensor full scale KEH).

Therefore, the culture chambers were finally testecerify the sealing. The
system was filled with ethanol 70% and maintaine2l0® kPa for 1h. Then,
ethanol was continuously flowed for a week, measuthe level of the

remained fluid inside the flask.

3.1.2 Mechanical components

The device includes a linear actuator to imposerégaim displacement, a
linear encoder and a load cell to measure defoomatnd load respectively.
The system must guarantee a constant temperatdreagipon dioxide level

as well as chamber sterility where cells are calluiThe device was also
designed to characterize the mechanical propertikesthe obtained

constructs by cyclic compression tests (DMA dynammechanical

analysis), quasi static ramps, creep and relaxdests. The device was
designed to control four independent single unitstionulation, working in

parallel. Every single unit was equipped with aeéin actuatorPhysik
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Instrumente (PI) model M230.1grovided with a 0.004@um resolution
encoder, a maximum thrust force of 70 N and a bulbad cellDsEurope
model BC301.3Kgvith 30 N of full scale and an accuracy of 0.0254aX
shown in figure 3.4. Figure 3.5 reports the strrectlayout, built up in
aluminium alloy, describing briefly the working pdiple of the manual

positioner and the piston clamp.

Fig.3.4. Device structure: Direct compression (leftand hydrostatic pressure (right)

configuration.

Physik Instrumente (Pl) model M230.10
The selected linear encoder is a DC servo motocegaw by Physik
Instrument (P1). Model M230.10 provides a lineartimo up to 10 mm,
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with a maximum velocity of 1.4 mm/s. The linearuatbr is equipped with

a sub-micron resolution encoder, while maintairmngbmpact package.

mmur 5 :
DC motor — et ! —
Structure u H
Clamp Piston  Pston
Chamber — 0 R

Load Cell _&%i

= >
Positioner =—s- _a_
, [T (o]

4

Fig.3.5. Structure Layouts.

Thus, the motor is driven by a closed-loop DC motsing the encoder as
feedback. Linear motion is allowed by a non-rogtiip combined to the
gearhead rotative DC motor. In table 3.1 the mdemhnical data are
summarized. In Figure 3.6 it is possible to obsdinecactuator layout.

In the proposed system, motors are driven by aaodetroller. The chosen
signal type is a pulse-width modulation (PWM), ihigh a high-frequency
square wave is generated at 20 kHz with at 12 Vliane (maximum

voltage). The voltage applied to the motor can aeed by changing the
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duty cycle (time ON over a wave period). PWM methsda typical
technique to control the device power supply usedaveral applications
and it combines low cost with high precision, warkiin a digital way.
Motor calibrations were also performed, representive speed measured by
the linear encoder as a function of the imposed/ dytle. In fact, a
proportional voltage corresponds to a giwkrduty cycle (12 VYd=1), 6
V(d=0.5), 3 V(d=0.25), 0 V(d=0), consideringd<d<l1) which results in a
constant speed for a DC motor. Thus, motor speadbeaproportionally

controlled acting on the duty cycle.

Properties Value Unit
Travel Range 10 mm
Sensor Resolution 2044 counts/revolution

Design Encoder Resolution  0.0046 upm/counts

Minimal incremental motiory  0.05 um
Backlash 2 um
Unidirectional repeatability 0.1 um
Maximum velocity 1.4 mm/s
Maximum push force 70 N
Operating Voltage 0-12 Y

Table 3.1. Motor technical data, which can also bfound on PI website (www.pi.ws)

DsEurope model BC301.3Kg

The button load cell is made in aluminium alloy, dab BC301.3Kg

produced by DsEurope. In Fig.3.7 are shown the dgioes and the layout

of the load cell. The sensor is composed by a Wbeastull-bridge (350
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Ohm) with a 30 N Full Scale (FS) and a 2 mV per\kfitage sensitivity.
Applying a voltage in the recommended excitationgsg 4.16 V, the FS
electrical signal (¥s) corresponds to 8.32 mV, thus full-bridge must be

amplified.

1...11(M-230.10) __

161 (M-230.10) 14

90

6L

= ee =[]
|

87
[}
91N
L1 or8E

Fig.3.6. Motor layout.

The repeatability error is normally less than 0.Bjiwvhich corresponds to
+0.03 N. All the data described are reassumed lite t8.2. Calibration
curves were carried out using laboratory standaegjiwts and recording the

related voltage measures.

Properties Value Unit
Full Scale (FS) 30 N
Sensitivity 2 mV/V FS (10 mV)
Repeatability error | <+ 0.1 %FS (0.03 N)
Total Error <05 %FS
Thermic shift of zerg <+ 0.08| %FS/°C| (0.024 N/°C)
Operating Voltage 4-6 \%

Table 3.2. Load cell technical data (www.dseuropg)i
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Fig.3.7. Load cell layout.

3.1.3 Controller and Software

The layout of the third part is reported in figl8: a real-time embedded
controller(National Instruments NI cRIO-90145 connected to Al cRIO-
9014 chassis containing an FPGA (Field Programmable Gate Array
Spartan2of 3 Mgate reconfigurable | / O with a clock fremey of 40
MHz. The DC motors, their encoder and the peristalamp are controlled
by five of NI 9505 chassisthe load cells and the pressure sensors are
acquired by aNI 9237 chassis with 24 bit resolution, while the tempemat

is measured by Pt100 thermoresistotaldoppie cod. RS 621-7383
measured by Bl 9217 chassis

The software was developed in NI Labview 8.5.1 emment. The
software architecture is expanded over three maiel$ (figure 3.8). The
lowest level concerns the FPGA programming whetd/@ signals are
acquired, analyzed, managed or generated from tmrotler to the

stimulation unit, which include motor signals topose the displacement
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and measure signals from encoders, load cellsspregauges and thermal
probes Pt100 as feedback.

Nl CompactRIO

REAL TIME BR-01 Zodiac e " it 1
- J| [BRQ1 Zedine Settings | SRR |
BR-01a [0] Bl St . | [BRebicra] BR-01d [3]

st sty it

—m
o Ly T 0 et
-

[\Single unit of
\ stimulation

BR-01 Stasus BR-01a
: -

Wait Tere...
o Vebucity ()
ga1

START |

ErETre

P y—

ae]
PAUS = . i R
e itk Amgie ) 2
| — X = 2 ||| a5 o e =
o e g

Samete amsian ety Temperaturs [C)

o [ S |
siker (@Y bt ‘ GLOBAL STOP [F4] |l

Fig.3.8. Controller and software architecture.

The real-time microprocessor and the FPGA are spmited in a
deterministic way by the second programming lewdlich is permanently
downloaded in the controller. Thus a completelyoaamous control of the
stimulation units can be achieved, providing a higHiability, the
possibility to manage all the working parameterd &nally enabling the
operator access to the front panel, directly oratethy via Internet network.
The measured data are then published on the latalork via TCP/IP
protocol. The highest programming level was degigte give an user-
friendly graphical interface for the experimentargmeters settings and
data saving (figure 3.8).

119



MATERIALS AND METHODS

3.1.3.1 Hardware description

Real time embedded controller, Technical data

NI cRIO 9014 is an embedded real-time controller compobkgdan
industrial 400 MHz Freescale MPC5200 real-time pssor for
deterministic applications, 128 MB DRAM memory aB@B nonvolatile
storage memory. The NI 9014 is designed to guagapt®grammatic
communication over the network and built-in Web {HP) and file (FTP)
servers, allowing remotely data logging. Thus, dédone application can
run in an autonomous way. NI 9014 is connected noFRGA (Field
Programmable Gate Array) model NI cRIO-9104 throaghCl high speed
bus. NI 9104 is an eight-slot, 3M gate reconfigl#abmbedded chassis
providing custom hardware design using NI LabVIEd#ware. The cRIO-
9104 can contain up to eight different chassis,levhaintaining a high
frequency reliable communication up to 80 MHz. Tised chassis are five
NI 9505, for four motors and peristaltic pump regpely, NI 9237 for load
cell measuring, NI 9217 for Pt100 reading and fin&ll 9205 to acquire

general analog signals.

NI 9505 (motor controlling)

The NI 9505 module is a full H-bridge servo motaive for direct
connectivity to actuators such as DC servo motbris Thassis allows PWM
generation at high frequency 40 kHz, current corgion and encoder
reading TTL logig. In table 3.3 it is possible to observe the wipanection
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scheme relative to the connection between NI 95@&ssis and motor
M230.10.

NI 9505 Signal M 230.10
(Serial Port DB15)

M+ Motor Supply (+) 2

M- Motor Supply (-) 9

C COM (Ground Supply) 10

\% External Power Supplyl@ I

V)

5 Encoder Power supphb V 4

1 Encoder A+ 14

6 Encoder A- 7

2 Encoder B+ 15

7 Encoder B- 8

3 Encorder Index 4 13

Reference Sens.
8 Encoder Index « Limit 6
Ground
9 Encoder Grd— Limit 6
Ground
4 Stop«< Limit (+), Limit (-) | 5-12 (with diode: OR gate)
Shielded wire e’ % % e
Sm—— *‘& & o® 10® 1® 1® 1 1® ]

Table 3.3. Wire connection between NI9505 to motdvi230.10 (www.ni.com).

NI 9237 (load cell measuring)

NI 9237 is a four-channel analog input device desijto measure bridge
sensors. This chassis can perform the needed signditioning operations,
such as amplification, isolation, filtering and gation, while acquiring
four channels simultaneously. NI 9237 can acqupetas 50 kSamples/s,
with a range of + 25 mV/V and a resolution of 246 mVVg2%%). This

module can provide excitation voltage, but it isoalequipped with a
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connection for external power source when the te&sor consumption
exceeds 150 mW. Total bridge consumption is expefy equation 7, a
external voltage souce is thus needed. In figudls connection scheme is
reported, in fact, load cell BC301.3Kg presents/daur wires, one pair for

the excitation voltage and the second pair forat@og signal, respectively.

: : Ve 16)%V?
TotalBrigeConsumptia = n°channel§—= =4D(416) v =198mW - External (7)

BRIDGE 3

Ch0 - Ch3

A Mw | lsmme e 1-e&

+ | RS+ '
SUPPYF o Ricad ; ' cho
\ o EX+ i
Rpridge 5 Rbridge '\ Chi ;’
; : vl

Signal +.___|

Signal - — ;
Rbridge Riridge
/ —“ Ex=
Sl | RS N el | Jex
Load Cell L EXr 4 EX-
NI 9237 -LE_xtemaI Power Supply

Fig. 3.9. Wire connection between NI19237 to motordad Cell.

Power Supply, Pt100 and Carbon Dioxide measuring

CompactRIO is powered by a 24 V source, while tb&lt motor
consumption does not exceed 12 W, 1 A at 12 V.dResithermal devices
(RTDs) Pt100 is a platinum 10Q resistance, exploiting Ohm's law to
measure temperature. In order to obtain a moreraiecmeasurement, the
temperature is calculated using equation 8. Thentbeesistors are
measured by a NI 9217.

R=R, {1+ A[T +BT?) - A=3.908310°%B =-5.775107;R0=100Q;T(°C)  (8)
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Differently, carbon dioxide level is obtained usia@CQ sensoitGSS model
C20-6 The measured signal can be directly processetRIb@ thanks to a
serial driver mounted on the sensor which workdhvetRS232 protocol.
C20-6 sensor gives a full scale of 20% pC@hile maintaining a fast
resolution of 0.1% (Responsivity few seconds) and a high resolution of

0.01% (Responsivity 30 seconds).

3.1.3.2 Software Description

As previously mentioned, the entire system is madagxclusively into

three levels, high frequency low level to guarariteecommunication with

the devices and sensors, the second level to comatarwith the FPGA

and the user in a deterministic way and finally éiser interface. Each level
was developed using LabVIEW 8.5.1.

FPGA

In FPGA software, input and output signals are gaed at high frequency,
40MHz, must send the proper signals to motor arel dbrrect power
supplies to sensors, while acquiring and amplifythgir measurements.
FPGA can work in a deterministic way and the openst can be
simultaneously performed. Thus, the developed so#vpresents individual
cycles which run in parallel.

The first cycle is reported in figure 3.10 and ex@nts the encoder reading.
Encoder signals are two out of phase TTL pulse watannel A and B).

Due to the motor specification, one encoder cosrgqual to 0.004@m,
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while 2048 counts are a complete revolution. Twartctels are needed to
understand the shaft direction. When shaft motduising clockwise, A
occurs before B, otherwise the direction is couibekwise. The scheme of
Fig.3.10 shows the signal reading in which thedogates add or subtract
counts as a function of channel phases. Thus, @atesalelative position
(resettable) and velocity can be obtained. Velodstyexpressed in tick
(clock unit, 40 MHz is equal to 25 ns) per countO(26 pum). In this
section, the diagrams for a single stimulation usmiteported for an easier

understanding.

Signal Encoder A

Signal Encoder B

- P
® 1) Mod fEnceffier Phagh &
® i Mod /En s
B ModifE

Encoder Loop

- T Ref1 T

Absolute Position
Relative Position
Velocity (29ns/0.0046um)

Fig.3.10. Encoder reading and TTL pulse trains.

Velocity and position are read by a second cyclkickvfilters the velocity
with a simple moving average, while setting thepstmndition on the
imposed position. When relative position is equathte imposed position,
the stop condition is reached. In figure 3.11 #heosd cycle is shown.
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Position Cariral Loagf

Tickjcountt || &
]

Tyl

Yell
FIEz]

...... e lposokt

g K1 1 £1 21 211 9 20 0 g

\ Stop Condition

Velocity Filtering

Fig.3.11. Velocity filtering and stop condition.

As previously mentioned, the motor is controlled dyanging the duty
cycle. The duty cycle can be defined as the tiraetiion over the period in

which the system is ifactive” state.

P Filkering

; =
. E» .' L ----PosOK1 \
Duty Cycle :
F“ttgfinzl dition Readin

Fig.3.12. Duty filtering and PWM imposing.

Considering the system clock frequency, 40 MHz, #r&l chosen PWM
frequency, 20 kHz, (good compromise between theauohycs required by
the motor and provided by the controller), a PWMgaqekis divided in 2000
ticks (40 MHz/20 kHz) in which for a duty cycle “D3f 50% corresponds
1000 ticks in the high state and 1000 ticks inltive state, while for 25% D
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is equal to 500 ON / 1500 OFF and so on. In thiy W& duty cycle is
included between 0-1 to 0-2000 ticks.

In the third cycle, the imposed duty cycle is retadned in a PWM value
and finally filtered to avoid critical situations anpredictable responses
from the controller. In fact the operating rangebetween 5% and 95%,
which corresponds to a minimum active or passineetiof about 2us
(technical data). A 10% duty filter was also addedvercome the motor
friction, and finally the stop condition of the sed cycle results in a PWM

zeroing.

ticks [
4 et ault f

PWM Generation Set D/irection

& NI Mod1/Drive Direction ®

—
L o 3
PWI&I reading Bex couner State ON/OFF

12¥

— Tick counter —=—Duty Cycle

PWM = 500ticks

1)
a 500 1000 1500 2000

a 500 1000 1500 2000

& e

a 500

12508 I7.5us
Fig.3.13. PWM writing.

In the fourth cycle, the PWM value is translated tie PWM signal
following the graph in figure 3.13, in which an @dng counter drives the

motor state ON/OFF. Finally, the direction is dédcwhen duty is less
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than zero, positive values correspond to clockwiglgi)e negative values
mean counterclockwise. A fifth cycle enables thaandrivers and detects
any errors in the 9505 board. Finally, other thrgeles are used to set the
load cells (NI 9237), Pt100 probes (NI 9217) andlag inputs (NI 9505);
signal scan rates are imposed and signal valueseatefor each channel,

four load cells, four thermoresistors and four agahputs.

=B == els el sNe ==HeN=B=l cHeis o~ HoN=R-Reke]

uuuuuuuuuuuuuuuuuuuuuuuu

Dot Rate [y =6 #0 AR
Bt Re

3 Excitation Woltage

® s o TDD!
[® A Hod? [RTDL
S iod D25
A Hed? RTDZ0

ey
I pries § —
AN S A0 W modsiat | | EEEHE MY/ Stop

B ModS(ATL

| I wodsyart
scarRate AN TSI b odsiate
\ i| =2 SARTEI ANy odsfars

Load Cell
_» reading

pdas AL Setting:

BAR Tiodefa1l
Ban tiodaialz
5] [Ean e

® i 3/000° | Brpa
S modeow 5. 55

Analog input reading

Fig.3.14. Analog input setting.

Each input or output variable used in FPGA softwar@vailable in the real-

time software, allowing respectively read or wofgerations.

Real-Time RT Software

The real time part should ensure a stable, religbid deterministic
communication with the FPGA, while allowing the usecess to setting
parameters. The software architecture can be divick® four parts, FPGA
and variable initialization, a cycle in which daiee acquired, processed and
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sent via TCP/IP over the network, four parallellegao control the motors

and finally software closing.

[l Mo Error Vt

{ETE ||Stap

FE1IFPGAoUE

o _
BR B = i

g NICRIO [}

. I " =
ERRin [(EeL-{lzouiag m.f Run - RTOr[USZE- RTDratefus) i et [ERRout
cRIc-2104] [FEE} Wait Until Done (F) * Loadr [[UE2H—+ LoadRateius) ;
LiType |08 #—» LoadTypeRate i Ko
Exv (08 01 Excy o EDrivel
@ DDrive2
& EDriveZ
ST ART @ DDrive
o EDrives
s Dhrived

“ EDrived

FPGA and variable inizialization

Fig.3.15. Real time initialization.

RT variables are configured by reading an .ini itetialization file) stored
in the controller memory. Motor and load cell cedition parameters and
motor absolute positions are read, then FPGA cainibalized writing
sensor scan rates. In the second part, a single cgn acquire, process and
convert, plot both displacement and load (or ewahtipressure) data and
send them over the network to a specific clienisTdycle works with an
acquisition rate, normally imposed to 25 Hz. Sighale converted for
position fromcount to mm (in fact FPGA can only work with integers

number without division), for load-pressure fromV to N-kPa for
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temperature fron® to °C using the conversion factors previously described

(figure 3.16). Each motor is controlled by a firstiate machine loop.

o
. Send dat
[eossH-—EE N
=3 el g
[
TToool |5+ 1032y ) Ir
110! _{l> I” “BR-01b[1]" ]
| ] - —
feal 2 AL
rd
¥ =05 |[BR 15

=it | Plotting

T e
= =1 Ve oL n
L [

} @BRM ‘
] =-
i

Eh( e E =

Data processing
= ’

Fig.3.16. Acquisition cycle.

The front panel is shown in figure 3.17, while #tate diagram is reported
in figure 3.18. These cycles wait an initial sfattowed by anidle state in
which an external event drives the next step. Adtart, load cell is tare and
motor driver is enabled. Once a motion event occthie trajectory is
previously calculated, referring on the imposedapsters such as wave
type, velocity, position, final load or pressuréu§, each motion event is
characterized by an initial trajectory calculatiéoljJowed by a loop which
continuously runs until a stop condition, perforgia PID calculation on
the velocity and adjusting the imposed duty asnation of the position and
velocity (trajectory pattern). In figure 3.18, tR¢D diagram is reported. A
common PID controller (Proportional, Integral, Dative) is described by

the equation 9:

- [ o Il
u(t) = K, &) + K, E{e(r)”KDate(t) 9)
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where u(t) is the variable,lKKp and K are the proportional, derivative and
integral constants respectively and finally e(tjhe error between the real

and the measured variable.
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Fig.3.17. Front panel.

The possible events are listed as follows:

- Tareload cell (no motion event);

- Load Presetwhere a certain load is imposed on the samplegjon

- Ramp by which a linear motion is imposed until the mspd stress or
strain (quasi static test);

- Position allows to move the piston with a predeterminedera

- Triangular displacemenWave(frequency, amplitude, number of cycle);
- SinusoidaldisplacemenWave(frequency, amplitude, number of cycle);

130



MATERIALS AND METHODS

- Sinusoidal Pressure Wayiequency, amplitude, number of cycle), which
differs from the previous event for few initial ¢gs of tuning;

- Home through which the motor shaft returns to theiahiposition. This
event should be used as reference;

- Creeptest, by which a constant load is maintained.

MOTOR
Encoder .
Position PWM signal

FPGA

Position &
Velocity Duty Cycle

e proportional-integral—
i derivative controller
el RT (PID controller)

User: trajecto osition and veloci

T

/ N\
C

Fig.3.18. State machine diagram and motion PID loap

The labview wiring relative to the position evemats is shown in figure
3.19, in which encoder signals are read and sem fFPGA to the RT

software. This event state computes the FPGA irdtion, performs the
PID calculation and sends a new duty cycle to FP@#il the position is

reached or the stop button is pressed. The othéiomevents present a
similar philosophy. In the state machine, a cordusierrors monitoring is
performed, such as the load or motor stroke limtteeding which leads to
an immediate motion stop, or simple warnings ogegrwwhen temperature

or carbon dioxide presents improper values. An i@&telerror management
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is also carried out in the presented software im$eof hardware guaranty.
Finally in the last part of the real-time softwattee motor absolute positions
are written in the .ini file in order to be accédsifor a future use, motor

drivers are disabled and FPGA is correctly closed.
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Fig.3.19. Position event state: calculation and ruring.

User Interface
The user interface resides on the PC in use, thiffefrom the previous

described two softwares which are deployed diremtithe controller. This
client program is used to download the data semhfthe RT via TCP/IP
protocol. In this programming level, it is possildie set the scan rate,
number of scans (file), number of points per sdaata are saved as .txt
ASCII file. Figure 3.20 shows both the front paaeld the block diagram

for the user interface.

132



MATERIALS AND METHODS

@“ #al[YER

HrnberScan [EEER-
Download powesa TR

Gy

Save data

ACQUSITION/SAVE BR-01 Zodiac

Choose file path File Name (.tt)
%1\ Documents and Settings' enrlco’ Desktopi Reglstro', = T

BR-01a [0] Cishzcenert ] [ nesancvs) @G | BR-01b [1]

et (ol QR Fresswe ] RN

G| 001 0.03]

Bone
£ ooz

goois

L

o005+

Tme i)

cxplcenent ) [ Feeweiee] [N | BR-01d [3] eptasenert (s BRER Presswe (s)  [ER |
0. =

ACQUISTION PARAMETERS

Fig.3.20. Front Panel and bock diagram for the useinterface.

3.1.4 Stimulation setting description

The silicone membranes, used to close the cultumenbers, were equipped
with polycarbonate discs (28 mm in diameter and m thick) placed

internally in the centre of each membrane. The diss joined to an

external motor clamp through a stainless steelwscMorking as an

insulator, the membrane prevents any contact betweedium and the
screw.
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Depending on the experimental setting, either tireompression or
hydrostatic pressure can be applied on the scaffaldl it is possible to
choose the proper type of chamber for cell cultumethe first case, the
advantages of using a DCC chamber for direct cosspra include the
ability to be autoclavable with a greater mediumumge. During cell
culture, the internal polycarbonate disc was plaoedontact with the
scaffolds through a settable preset by software.

In the second case, with a HPC chamber, it is ptessd combine the cell
culture to hydrostatic pressure; both the stimafegiare also possible. The
hydrostatic pressure chamber presents lower gemadetlimensions in
order to achieve higher pressure, while maintairiireg maximum number
of culturable scaffolds. By closing the inlet andlet valves located outside
the chamber, the internal pressure can be increbgecompressing the
silicone membrane (figure 3.21(b)). After the stiation, the mass transfer
can be restored opening the valves.

Both the chambers were designed to culture simedtasly up to 8
scaffolds, which can be placed in the chamber kedfoe dynamic culture or
during the seeding. The mass transfer inside the fine is obtained by a
peristaltic pump. When necessary, the medium coadhain the flask may
be replaced through a 0.p2n hydrophilic filter MillexX® GP PES (polyether
sulfone) placed on the cap, while gas exchangeasagteed by a 0.22m
air hydrophobic filter Duale®' Plus PVDF (Polyvinylidene Fluoride). In
fact, the system was designed to work inside adstah humidified
incubator at 37 °C and 5% GQDnce positioned the scaffolds, the chamber
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can be fixed on the stimulation unit and placeddeshe incubator without
any contamination risks. The flask medium replaggnoan be performed
directly in the incubator using a syringe and thentironed filter or under a
laminar hood. In figure 3.21(a, b) the operatingngples of both the
chambers are shown.

Direct strain Stimulation A) Pressure Stimulation B)

Silicone
m Membrane
Chamber (PC)

CONTINUOUS
MEDIUM FLOW

Scaffold

/

Cyclical Pressure Stimulation {no

scaffold and plate on contact contact plate/scaffold)

REST PERIOD C)

=

=

<

5' Frequency ; Amplitude

E o e
= -

w

N°cycles at stimulation or Duration (min)
n° stimulation at day

Fig.3.21. Working principles of stimulation in boththe configurations, direct
compression (A) and dynamic hydrostatic pressure (Bivhereas, in the bottom (C) an

example of a loading time.

The applicable compression load to stimulate thé cmnstructs can be
modified from 0.05 N to 30 N and the pressure fraimout 0.1 kPa to 100
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kPa, with triangular or sinusoidal ramps from 0.08% up to 2 Hz of
frequency. Several type of stimulations descrildimg loading time can be
imposed: the number of cycles, rest time betweendwnsecutive groups of
cycles, the number of groups for each stimulattbe, rest period between
two consecutive stimulations and the number of @@tions per day, as
described by (1) and by figure 3.21 (c).

[ (n°cycles+ Rest Period (3) n°group/stint+ Rest between Sti(a) ] - n°stim/day (20)

The described setting was made possible by thevatdownloaded on the
controller, which works on the motor using a PlDedback on the
displacement, load and pressure signals, depewdinige test. Furthermore,
the software continuously monitors the working eslu protecting the
system and preserving the cell culture. Moreovke tlevice was also
designed to mechanically test the samples duriagcétl culture or simply
to characterize the material. In fact, mechanieabmeters of the sample,
such as loss factor, elastic and storage modulas, b2 obtained and
analysed, even during the cell culture, processlata in real-time, or
performing specific tests on the final engineeredstruct. Thus, working as
an universal test machine, it is possible to impgsasi static ramps with
constant velocity, frequency tests DMA (dynamic heedcal analysis),

relaxation (constant strain) and creep tests (anhstress).
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Temperature, Humidity and CO; level settings

Temperature, humidity and GQevel were guaranteed and maintained
constant thanks to the humidified incubaikPCO 6500nhere the culture
was carried out. In general, the incubator maistaonstant the temperature
at 37°C, the relative humidity at 95-98% with noondensing and the
carbon oxide level at 5%. Four Pt100 sensors a@@ssensorGSS model
C20-6 were used to measure locally temperature angd €¢I, recording
their trends and giving any possible warning durihg cell culture. The
peristaltic pump and the four stimulation units c@asily enter inside a

standard 170 L incubator.

3.2 Materials & Methods part 2: Scaffold characterzation

3.2.1 Cartilage tissue engineering: Silk fibroin spnges

For cartilage tissue engineering it is essenti@ thoice of the best
combination between material and production teamnitp finally obtain a
porous structure able to support the applied mechhrstresses and
responding in a similar way to the physiologicastie. The porosity is
essential to mimic the physiologic environment, mhehondrocytes are
embedded in a highly dense matrix and isolatdddanae

Silk fibroin was the chosen material, that is auralt polymer with good
mechanical, cellular adhesion and activation prisgerand a degradation

rate similar to the tissue regeneration (4i8-176). Two different kinds of
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sponges were produced using this material, adolgethilen-glyco(PEG)
to the fibroin solution. This addition was necegstr stunt an excessive
cellular spreading, favoured by silk fibroin butpmgite to the physiologic
distribution in the chondral tissue, where celle apundish and isolate.
PEG, indeed, is antiadhesive for c@l&), so limiting their activation. The
protocol used for sponges preparation is the fatigw

Bombyx moripolyhybrid crossbred silkworms cocoons were bred a
selected by Centro Sperimentale di Gelsibachicaltur Como, Italy. The
cocoons were degummed to remove sericins by baiimge at 98 °C, first
in a 1.1 g/l of NaCGQ; in distilled water and then in 0.4 g/l of pGO; in
distilled water, for 1% h respectively. The degurdrsék was water-cooled
from 80 °C to room temperature, then rinsed sewvareds in distilled water
and dried at room temperature. Degummed fibroin thas dissolved in
LiBr 9.3 M solution at 65 °C for 2 h, to generat@% w/v solution, and
subsequently dialyzed (cellulose membrane, Piers@03Mw Cut Off
cassettes) against distilled water for 4 days amrdemperature. After
desalination a second dialysis step against PEGEMWO00 Da, 25% wi/v)
was performed for 5 h, to obtain an aqueous fibmdfution of 7-8%
concentration. This solution was finally filtered €liminate any residual
and pH and concentration values were checked. REG=4000 Da) was
added to the obtained solution to reach a 1Q8Wrxinin CONcentration and
then the solution was mixed for 15 minutes. Stgrtirom this solution,
sponges were produced using two different techisigfreeze-drying and
salt-leaching. The first type sponges were obtaipedring 3 mL of
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fibroin/PEG solution in a Petri plate of 3.5 mmdiameter. The plate was
closed, freeze at -20 °C for 2 h and then lyopédiat -50 °C for 4 days.
Sponges, soluble in water, were finally stabilizeada methanol/water
(80:20 v/v) solution for 10 minutes and repeatetitged to eliminate any
residual solvent. For the salt-leached sponges apagpn, a 2 mL

fibroin/PEG solution was poured in a 3.5 mm diam@&etri plate and 4 g of
NaCl, of controlled diameter dimension (500-1180)umere added as
porogen agent. The plate was then closed andtlediben temperature for 3
days, to allow fibroin gelification and the fornaii of a stable structure.
Finally, the sponges were removed from the plat \aashed in distilled

water for several days to completely remove the sal

3.2.2 Bone tissue engineering: P(d,l)LA sponges

For bone tissue regeneration, 3D spongy scaffoldse wealized using a
synthetic polymer, Poly(D-lactic acid). Polyestesise very interesting
polymers because of their good mechanical progerti&lorability and

controlled degradation rg&l, 82, 86, 94). Moreover, for a successful
implant, the system itself and its degradation pobsl must be
biocompatible and not toxic. This phenomenon wadistl for the PLA and
its copolymers, and publications report good biopatibility results, with

only some few inflammatory respon§E&7). Among polyester family,
Poly(D-lactic acid) is very interesting becauses isoluble in many different
solvent$178), it is easy to process in different 2D and 3D dtrites and,
depending on the process story, it degrades inl12tmonth§l79). For all
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these reasons P(d,|)LA was used to produce spomiesa structure able to
offer the possibility to cells to penetrate insideoly(D-lactic acid)
(P(d,)LA, type RESOMER 207, MW= 252 kDa) was purchased from
Boehringer Ingelheim, Germany. The polymer was usétiout further
purification. Dichloromethane (DCM) and dimethylioamide (DMF) were
obtained from BDH Chemicals (UK) and J.T.Baker (Hiotl), respectively.
The porous, three dimensional scaffolds were pegpasing a solvent cast-
particulate leaching technique. The polymer wast fitissolved in (70:30
v/v) dichloromethane/dimethylformamide solvent, abing a 13% w/v
concentration. 15 mL of solution were poured intoglass Petri plate
containing 20 g of NaCl salt of controlled diametemension (224-315
um). The suspension was then dried under hood ig¥#rand washed into
distilled water for 3 days to eliminate both theideial solvent and the salt.

The obtained sponges were finally air dried at reemperature.

3.2.3 Characterization techniques
Each scaffold was characterized in terms of medaaproperties (stiffness,
storage modulus and loss factor) and porosity (e, interconnection

and percentage).

3.2.3.1 Mechanical properties

The mechanical properties of the obtained spongae measured by using
a Boseuniversal testing machine modglectroForce3200equipped with a

225 N load cell. The compressive tests were peddrion wet dishes 12
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mm in diameter and a variable height between 2 mo 4 mm. Elastic
moduli were calculated according to ASTM D 1621-04ander
displacement control in uniaxial ramp condition atstrain rate of 1.2
mm/min at room temperature (50% Relative Humiditgraffolds were
preconditioned in PBS (Phosphate Buffered Salioe2fhours before being
tested. To analyse scaffolds viscoelastic properéed behaviour under
conditions as close as possible to dynamic culmes, DMTA (Dynamic
Mechanical Thermal Analysis) tests were carried autl Hz, 64um as
displacement at both 25°C and 37°C. Tests wer@eed using #olymer
Laboratoriestesting machinenodel MK 11, while storage modulus and loss

factor were calculated by the following equatiot)(1

o,
_sress  StorageModlus  E; =—%cosd

. =g, sin(at =
applyingQ] ﬁﬁl‘—»{ f go_sm( : }D G i
o =0,sinat +9) LossFactor tand=—%
E, (11)

whereg is the imposed sinusoidal strain ab frequancyg is the measured
stress response withdgphase lag; while Eis the storage modulus, tans
the loss factor and.Hs the loss modulus proportional te &d tard.

3.2.3.2 SEM and ESEM microscopy

Scanning electron microscopy (SEEEISS Supra 46- operating mode:
high vacuum, secondary electron SE2 detector) w8as @or observations
before and after cell culture, to obtain informatiboth morphological,
relating to pore size and interconnection, anddgjigial. Biological samples

were previously fixed by a glutaraldehyde solut{@rb% glutaraldehyde in
141




MATERIALS AND METHODS

cacodylic buffer solution 0.1 M, pH=7.2) for 30 mates at 4 °C, to preserve
the structure of living tissues. Once removed 8uokition, samples were
washed 3 times with a second buffer fixative andntldehydrated by
soaking in a series of agueous ethanol solutiomsce¢asing concentrations
(30%, 50%, 70%, 90%, 100%, 100% v/v). Finally, siaenples were dried at
room temperature under hood. Before imaging, sasnpére sputter coated
with a thin gold layer under argon atmosphere (20 ah 5x10-7Pa for 30
sec) by using a sputter-coater (SEMating Unit PS3Assing S.p.ARome,
Italy). Fibroin scaffolds were also examined by Eowmental Scanning
Electron Microscopy (ESEML 30 Fei Company; without performing the
metal coating and working with a voltage betweemn@ 12 kV.

3.2.3.3 Porosity evaluation

The scaffold porosity was quantitatively evaluatesing the principle of
liquid displacement. Considering Archimede’s pmpolej the used liquid
should be able to permeate the interconnected pproghout interacting
or swelling the tested material. Hexane (n-Hex&igma-Aldrich US) was
chosen for both fibroin and PDLLA sponges. Scaloldere dipped in a
certain hexane Wolume in a graduate cylinder (£ 0.02 mL) for 10hotes.
After immersion and absorbation, the total volume Was measured.
Finally, the speciment was quickly removed, reaogdihe residual hexane
voulume \4. The scaffold volume can be calculate subtractioigmes \4

and V4, as follows:

V=(,-V)+(V,-V,) =V, -V, (12)
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where (\4-V,) is the bulk structure volume, while {\3) is the hexane
volume retained in the scaffold open porosity. pbeosity can be achieved
starting from the following equation:

V, -V
£(%) =2 100
Vv, -V

2 V3 (13)
This ratio measures the percentage of the freen@lon the total volume of

the scaffold.

3.2.3.4 Statistical analysis

Porosity and mechanical properties were measurke@sit on three samples.
All results were expressed as the mean = its stdndaviation calculate
using a statistical softwar&#&leidaGraph Version 3.50)5Unpairedt-test
was performed to compare the means of each rgmeljously verifying
the equality of the obtained variances withFatest. Significance level was

assigned at p-values less than 0.05.
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3.3 Materials & Methods part 3:in vitro Experiment

3.3.1in vitro experiment description

3.3.1.1 Cartilage tissue engineering: validation geriment

A first preliminary experiment was conducted toidale the developed
apparatus and a comparative study, combining stai@t dynamic cell
cultures, using the commercial Rotatory Cell Sealt@ystem RCCS-4D
Cellon, Synthecon Ing.was performed.

The described apparatus was tested on fibroin/PdBges seeded with
primary chondrocytes isolated from goaf passage. After a previous 7
days long pre-static culture, the dynamic cell w@twas carried out for
other 7 days both under static and dynamic condti¢for both the
bioreactors, the commercial and the house made).thtn proposed
bioreactor, stress and strain were continuouslgroed, and the medium
flow rate was maintained constant by a peristaltimp at 0.1 mL/min. Cell
culture tests were conducted imposing a sinusaidabpression at 25%
strain (0.5 mm) amplitude was superimposed on Oléal offset at 0.1 Hz
of frequency. Periodic cycles of 2h-compressiotofeéd by 2h-unloaded
culture were performed three times a day. The eafdin of sinusoidal
displacement resulted in oscillatory stresses erstiaffolds.

Cell adhesion and proliferation were evaluated l®ans of ESEM imaging,
hystological analyses and XTT assay, after botrsdwen days of pre-static

(time zeroT0) and the seven days of dynamic culture (time sé&ugn
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Scaffolds were prepared from fibroin/PEG blendsl@% w/w of PEG
content (PEG MW 4000Da) by both freeze-drying aradt-lsaching
methods (NaCl as porogen, crystal diameter 500-118D Three types of
sponges were tested, freeze-dried fibroin, freemddibroin/PEG and salt-
leached

fibroin/PEG. Scaffolds were sterilized with Etha@®® overnight at 4°C.
Chondrocytes were seeded using 200 of cellular suspension at a
concentration of 20° cells/mL. Dulbecco’s Minimum essential medium
25% (DMEM), 25% HAM'S F12, 10% Fetal Bovine SeruRBS§), 1%
Penicillin, 1% Glutamine, 1% Vitamine, 1% non-essdramino acids was
used as culture medium composition. Cells werebated at 37°C in a 5%
CO, humified incubator.

3.3.1.2 Cartilage tissue engineering: condition irestigations

A second experiment was carried out to assess ffieet eof dynamic
conditions on the seeded chondrocytes; the loatimg was reduced to
enhance the cellular activation. In fact, this ekpent was intended to
evaluate both dynamic and static cell culturesttierdevelopment of tissue
engineered constructs after 14 days in terms dileelactivation and
proliferation.

Salt-leached silk fibroin sponges were cultured ngisiprimary pig
chondrocytes, '6 passage. After three days of static culture (tree T0),
the experiments were carried out for 14 days batteudynamic and static
conditions, analyzing the cultured constructs afteven daysT(7) and
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fourteen daysT(14) of cell culture. Under dynamic conditions, a sioidal

compression was imposed at 20% of strain amplifQdemm) at 0.1 Hz of
frequency, superimposing a 0.5 N of load offsetjlevmedium flow rate
was maintained constant at 0.1 mL/min. Periodidesyof 30 min of loaded
culture were performed once a day. Cellular agtivitas evaluated by
means of alamarBlfeassay, comparing static and dynamic cultures. The
seeding parameters and medium composition wersaime as described in

the previous experiment.

3.3.1.3 Bone tissue engineering: validation experent

To validate the apparatus, specifically develomedbne tissue engineering
application, a preliminary experiment with humarteosarcoma derived
osteoblasts (MG63) seeded on PDLLA salt-leachedgg®was conducted.
The obtained results with this house-made devicee wempared to those
obtained by a static culture control and by a dyicasulture carried out in
the RCCS commercial rotative bioreactor, previousBntioned. Unloaded
conditions were also tested. Dynamic conditionssisiad in 30 min of 20%
sinusoidal strain (0.4 mm) at 0.1 Hz a day. Afteeé days of static culture
(time TO), scaffolds were cultured seven day&)(both under static and
dynamic conditions. Confocal laser microscopy wasduto evaluate cell
morphology, distribution, migration and viabilityyhile cell proliferation
was assessed through alamarlassay.

Salt-leached poly(D,L-lactic acid) (PDLLA) porousa$folds were prepared
as previously described. After sterilization withanol 70%, scaffolds were
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placed in 48-well plates, washed several times widrile distilled water
and then cultured. MG63 cells were seeded on ddaffand, considering
the scaffold dimensions, the high tendency of caneks to grow faster and
after previous experimental tests (not reportedje@ding concentration of
510" cell per sample was chosen. A drop of 100 pL #fstespension was
put on every sample and left in incubator for lawnfresh medium was
finally added. All the seeded samples were left¥atays under static cell
culture conditions and subsequently, the samplewediat the dynamic
culture were transferred to the bioreactor chambklisimum essential
medium (MEM) supplemented with 10% Fetal Bovineuger(FBS), 1%
Penicillin, 1% Glutamine, 1% Vitamine, 1% non-eds&dramino acids was
used as culture medium. Cells were incubated a€C 3A°a 5% CO2

atmosphere incubator.

3.3.1.4 Bone tissue engineering: dynamic hydrostati pressure,

condition investigations

Mechanical stimulation of scaffolds via hydrostatompression was
performed by the developed and produced bioregsection 3.1). The
biological evaluation was carried out using MG68 tiee using a parallel
static culture as control. Visual inspection ofl gebliferation and adhesion
was performed using confocal laser microscopy aftaming cell nuclei
and cytoskeleton, while cell viability was evaluhtiarough alamarBlife

assay. Cellular metabolism activation and ECM sgsith were also
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characterized in terms of Collagen Type | and AldRggexpression by RT-
PCR, while cell morphology was assessed through B&EAging.

The HPC bioreactor was designed to apply mecharstaiuli to cell
constructs. Samples were completely immersed ierdeschamber, sealed
from the external environment. The diffusion of nuead and nutrients was
guaranteed by a peristaltic pump (0.05 mL/min). Matcal stresses were
applied using an electric motor with displacemeotol at micrometer
precision. Stress were transferred inside the cleantirough an elastic
membrane, and resulted in a pressure change. Tiweas®was designed to
control pressure change using a pressure senfeedisack.

The following conditions were tested for a two weekg experiment,
applying a sinusoidal wave with the amplitude frorto 10 kPa and 20 kPa
at 1 Hz and 0.3 Hz. The daily loading stimulatioaswbuilt with 10 cycles
followed by a rest period of 10 s, repeated consezly for a total amount
of 1800 cycles. Two different blank conditions weamso analyzed to
achieve information about each individual dynam@&ameter separately.
Cell culture whit no stimulation but only mediunffdsion was carried out
as well as cell culture with stimulation (20 kPalatiz) but without medium
diffusion (changing manually the medium every thilegs).

After three days of static culture, scaffolds wberelogically characterized
after 7 days (time 77) and after fourteen dayg14) of static culture.
Scaffold material, preparation and sterilizatiorll ctype, cell seeding
method and medium composition were unmodified caegbato the
experiment described in section 3.3.1.3.
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3.3.1.5 Bone tissue engineering: dynamic hydrostatipressure, long
experiment

The influence of dynamic stimuli (dynamic hydrostgiressure) on PDLLA
salt leached sponges seeded with human osteosanennad osteoblasts
cell line MG63, over a cell culture period of 28/davas evaluated.

The study aimed to comprehend the effectivenessypnémic cell culture
conditions compared to the standard static ones,¢terms of cells
proliferation and activity. For this reason, in d@mh to the normal cell
growing and proliferation tests (i.e. calcein cardb analysis and
alamarBlu€ assay) cell activity by expression analysis (RTRP®f bone
and extracellular matrix-related genes was perfdrme

The best dynamic conditions, found in the previpuscribed experiment
(paragraph 3.3.1.4), were chosen to carry out @3%8ong test, maintaining
the same cell culture conditions. As the previotsiminary experiment
(paragraph 3.3.1.4) a 3 days long pre-static cult(ll0) was chosen,
followed by other 5 time points at thre€3], seven T7), fourteen T14),
twenty-one 721) and twenty-eightT28) days.
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3.3.2 Biological evaluation Techniques
The biological evaluation techniques, carried oat dharacterize the

experiments previously described, are followingorégd.

3.3.2.1 XTT proliferation test

Chondrocyte proliferation on fibroin scaffolds wegaluated by XTT Cell
Proliferation Assay (TACSr). XTT technique makesg o$ tetrazholium salt
to obtain information relating to live and activellcconcentration in the
samples. The involved molecules are reduced byetizgmes belonged to
the transport chain of electrons, essential in lmedhthing and acting in the
mitochondrion of active cells. As a consequencehef XTT reduction, a
water-soluble dye absorbing in the orange zonéhefvisible spectrum is
formed. Therefore, when a sample is incubated iftu@ medium
containing the tetrazolium salt, a quantity of giyeportional to live cells is
produced. The amount of reagent can be quantifieghsoring the
absorbance of the medium at a specific wave le(dffd nm or 492 nm)
and it is compared to a reference wave length (680 The XTT Working
Solution was prepared mixing 5 mL of XTT activawaith 100 pL of XTT
Reagent, protecting from light. Then, the culturedimm was removed from
the wells and the samples were washed with D-P@%&rmove medium in
excess. 150 pL of medium without red phenol, RPEHd 50 pL of
Working Solution were add to each well. The welltplwas incubated at 37
°C for 6 hours, after which the medium absorbanees weasured at 3
different wave lengths (450, 492 and 620 nm) usihg microplate
Multiskan EX(Thermo Scientific
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3.3.2.2 Histology

The histological analysis of fibroion/PEG spongesswperformed in
collaboration with the Pathological Anatomy ward Sf Chiarahospital,
Trento. At the end of each experimental time, thm@es were transferred
in a 48 well plate and washed with 1 mL of D-PBSuli2cco’s modified
PBS). Once removed the saline solution, sponges Weed by 1 mL of
10% buffered formaldehyde. After that, the sample=re mounted in
paraffin, stained with hematoxylin-eosin and obedrwvith the optical

microscope to verify the cell distribution.

3.3.2.3 ESEM & SEM microscopy

Cell behaviour on the samples was examined usitiy BEEM and SEM
apparatus. The procedure and parameters used dimgigial evaluation
follow the same guidelines previously explained paragraph 3.2.3.2

concerning the scaffold characterization.

3.3.2.4 Confocal laser microscopy (CLM)

Qualitative cell attachment and growth behaviowt tis their distribution
and migration inside the seeded scaffolds weresasdeby confocal laser
microscopy (CLM) Nikon EclipseTi-E, Japan) after Phalloidin Rhodamine
(PR, Biosource International, Invitrogen) and DARSigma Aldrich)
staining, according to the manufacturers’ protaddblecular Probes Inc.,
Oregon, USA). Fixation with a formaldehyde solut{dfo formaldehyde in
PBS solution) and permeabilization with TritonX 2% TritonX in PBS
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solution) were performed before staining the celtursamples. Then,
scaffolds were incubated at room temperature fom#0in RP solution and
after for 10 min in DAPI solution, washing the sdegpthree times with
PBS after each step.

Cell viability were both examined by alamarBfuand confocal laser
microscopy. Considering the latter, qualitativel cebility was further
assessed staining the scaffolds with fluoresceasedate—propidium iodide
(FDA-PI) (Molecular Probes Inc., Oregon, USA).

Following the manufacturers’ protocol (MolecularoPes Inc., Oregon,
USA — Product codes: F1303 and P1304MP respec}ljvite scaffolds
were incubated for 15 min at 37°C in FDA solutioddahen 2min at room
temperature in Pl solution, again washing the samftiree times with PBS
after each step. FDA colours viable cells in greehile Pl stains necrotic
and secondary apoptotic cells in red.

An alternative method is the calcein. Calcein AMo@urce International,
Invitrogen) is a cell dye that can be used to deitsz cell viability since the
fluorescence intensity of calcein is proportior@kite amount of live cells.
The nonfluorescent calcein AM, in live cells, isngerted to the strongly
green fluorescent calcein, when hydrolyzed by celalar esterases. At
specific time points, the 1 pg/ml calcein solutwas added to the seeded
scaffolds, then incubated at 37°C for 15 minutemf@cal laser microscopy
was subsequently used to excite the dye by a 488 \@avelength, resulting

the live cells in a green color.
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3.3.2.5 alamarBIué& Assay

Cells metabolic activity and viability during bigral cultures were
monitored using the alamarBfiassay (Biosource International Inc., USA),
a colorimetric growth indicator based on celluladucing conditions. The
feature of this analysis is that it is not toxia feells, so it can be used
several times on the same samples during a célireul

The natural reducing power of living cells is thenpiple this method is
based on to measure cells proliferation. Resazthienactive constituent of
alamarBIué reagent, is a nontoxic, cell permeable compouad Blue in
colour when oxidize and non-fluorescent. Since In@ls maintain a
reducing environment within their cytosol, once ezatl in the cells,
resazurin is reduced to resorufin, highly red fasment. Viable cells
continuously convert resazurin in resofurin, vagythe optical absorbance
of media surrounding cells and so generating archtic measure of their
viability and proliferation.

During the various experiments the alamarBluessay was performed
according to manufacturer’s instructions. Sampjdaced in well plates,
were seeded with cells and incubated. After prapdturing time points, it
was added 10% ready-to-use solution to fresh iltuedium, obtaining the
so called “alamarMix”. This solution was put on tbeltured samples in
place of the culture medium and a 4 hours incuhaéib37°C, protecting
from light, followed. This process did not compremicell health. A total of
3 replicates were used for each sample and eatlhatepwas split into 4
other samples in the final reading. The blank e¥fee was taken from
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unseeded scaffold with the “alamarMsdlution. Finally, other empty wells
were filled with only medium. After the incubatigreriod, from each well
4*100 pl of solution were taken and put in a 96 Iwghte for the
absorbance reading. The resulting absorbance afceed alamarBIue
reagent was read on a spectrophotometer, at 57@nin620 nm wave
length by the microplat®lultiskan EX(Thermo Scientific

Once extracting the quantities needed for the awialn, the samples were
washed with sterile PBS to remove any “alamarMigsidual and fresh
culture medium was then added allowing the cellsioeiincubation till the
successive time point. The absorbance intensityegalvere analyzed using

the following formula (eq. 14):

%reduced=[A,, - (A, [R,)] 100 (14)

where Aw and Ay indicate the mean value of absorbance read ahBv0
and 620 nm respectively, while; & a correction factor gives by equation
15:

AQO,,

15
o (15)

R, =
which represents the ratio between oxidized alatnafBat 570 nm (AQw)
and at 620 nm (AQy), respectively. The oxidized values were obtain
subtracting the absorbance of medium from the dnlamarMix” plus
samples. The percentage of reduced alamafBereor is calculated as
follows (eq. 16-17):
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Error (% Reduced = {U(ALW) +(U;AHHW) + ErngoRO)} (A, (R, |00 (16)
in which Err(RO) = (U;AOOLW) + U(AAOOHW)j R, (17)
LW HW

whereo(X) indicates the standard deviation of the variabl@he relative
significance level was calculated by unpiiest using p<0.05, comparing

each obtained mean and verifying the equality obwaes.

3.3.2.6 Real time-polymerase chain reaction (RT-POR

Real-time RT-PCR is a highly sensitive tool for m@@ng small changes in
cellular gene expression and has quickly becomeettienique of choice to
analyze cellular mRNA from various sources. Whégnonstrating itself as
a reliable and accurate method to measure celnRINA levels, it also is
relatively easy to perform making it a encouragi@chnique to employ for
rapid quantification resul{$80).

Looking at the progressive development of the dd&sh phenotype, several
genes were evaluated in our study related to kdlylae events such as
proliferation, matrix formation and mineralizatioh.summary of the genes
investigated as well as associated primer sequereasutlined in table 3.4.
Each gene was related to a particular stage ofdifierentiation of the
osteoblasts towards the bone tissue formation. flgriefGF-B1 was
monitored for cell proliferation, Collagen 1 andaline phospatase (ALP)

for matrix formation, Osteocalcin (OCN), OsteopantDPN) and decorin
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(DCN) for matrix maturity and lastly RUNX2-3 to mibor commitment to
the osteoblast lineage.

At different time points (3, 7, 14, 21, and 28 daystatic and dynamic
culture specimens were quenched in liquid nitroged preserved in -80 C
prior to RNA extraction. Following this procedutetal RNA was extracted
from cells and the DNA was digested using an RNéasy Kit. In brief,
the cells from the scaffolds were lysed with suggblbuffer (Qiagen, Hilden,
Germany), the lysate was homogenized and ethansl adaled before
transfer to an RNeasy spin column. The final eluls stored at -80 °C. The
integrity of the RNA was proven and documented Wénodrop®.
According to its availability in each experimentahe, a different RNA
amount of every sample were reverse transcribeddBDNA Thermoscript
(Invitrogen). PCR was performed irRator Gene 600QCorbett Researgh
in a 77 plate. A 20uL volume with SYBR Green Mastermix (Kapa
Biosystem), cDNA and the primer pairs was usedm®risequences of
selected genes were designed utilizing online soBwUniversal Probe

Library” (http://qpcr.probefinder.com/organismjspvailable from Roche

Industries and presented in table 3.4. Target gereee run in triplicate.
Light cycling conditions were as follows: activati¢95 °C for 2 min), 40
amplification cycles (95 °C for 10 s, 60 °C for 45and 72 °C for 20 s).
PCR conditions were optimized for all genes to eehia PCR efficiency of
2. Melting curve analysis was done to ensure thlatranscripts under

investigation were represented by a single peakcating specificity.
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Gene Forward Primer Backward Primer
Housekeeping

GADPH agccacatcgctcagacac gcccaataccgaaatcc
Proliferation

TGFB1 gcagcacgtggagctgta cagccggttgctgaggta
Type | Collagen caagagtggtgatcgtggtg gcctgtctcagioet
ALP ccatcctgtatggcaatgg cgcctggtagttgttgtgag
ECM Maturation

Osteopontin (OPN) gagggcttggttgtcagc caattctcatgaattttcc
Osteocalcin (OCN) tgagagccctcacactcctc acctttgctgtgrac
ECM Mineralization

RUNX2 caccatgtcagcaaaacttctt tcacgtcgctcattttgc
RUNX3 tcagcaccacaagccactt aatgggttcagttccgaggt
Decorin (DCN) ggagactttaagaacctgaagaacc cgttccaactaagg

Table 3.4. Select Genes & Associated Primers utiéid for RT-PCR

Gene expression was calculated from the PCR effig{@81) and

normalized to both a housekeeping gene (GAPDH)andntreated control
sample (culture time = 0). Statistical evaluatidrsamples was performed
using an unpaired t-test of sample specimens va@ugols. Values were

considered significantly different if p < 0.05.
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4. RESULTS AND DISCUSSIONS

4.1 Results & Discussions Partl: Device Development

Tissue engineering takes advantage of life scigncproduce biological

substitutes, in which the obtained cellular corggwvill be used to repair or
regenerate the damaged tissues. Therefore, thé ghoaluct, after cell

culture, must exhibit the proper geometrical dinems, structure and
chemistry as close as possible to the originaués$-or this reason, 3D
structures named scaffolds usually biodegradabie bamabsorbable, from
synthetic or natural origin polymers, with specifltemistry and interaction
properties, are widely used for tissue regeneration

In this proposal a bioreactor has been designeahich optimal culture

conditions such as temperature, nutrients and oadioxide level are

controlled and mechanical stimuli are applied oa ¢tell constructs. The
results of these stimuli must induce the propeivations of cells, naturally
accustomed to similar stresses in the joint. Thed gbthis bioreactor is to
reproduce as close as possible the mechanicaliadkdmical conditions of
the physiological environment. The proposed systedesigned to work in
a completely autonomous way, providing the contfadeveral parameters,

even remotely via web.
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The device was designed to stimulate cell constraith different types of
mechanical stimulation, direct compression and tsi@dtic pressure with
different loading time regimes. The stimulation gas include typical
values found in literature, the possibility of appb cyclical deformation
(10 mm as maximum stroke) with loads up to 30 Npétheling on the
material response), with frequency from 0.001 Hz2tdHz and finally
hydrostatic pressure from 0.1 kPa to 100 kPa.

Peristaltic Pump: Flow Rate Calibration

o
w

1 m EthanolTo% o PBS
— Flow rate interpolation (Ethanol 70%) ——Flow rate interpolation (PES) /I

y=0.1379x

R?=0.9998
y =0.0497x
R°=09946

0 05 1 156 2
Peristaltic Pump Speed (RPM)

Fig.4.1. Peristaltic pump calibrations
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A peculiarity of the proposed system includes thaitg of applying two
different types of mechanical stimuli, such as aireompression and
cyclical hydrodynamic pressure. For this reasosilieone membrane was
introduced as a flexible element of connection leenv the sterile
enviroment and the mechanical components for s@aegdication, which

makes the culture chamber effectively separated amahageable
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individually, sterilizable and autoclavable, whifgoviding a large gas
exchange area close to the cell culture. The syspt@wvides a continuous
medium flow through a peristaltic pump and finatlye ability to set

automatically all the timing parameters of stimwat by a dedicated
software, such as the number of cycles, the nundferepetitions,

eventually the rest periods, offering a wide ranfjbiomechanical stresses.
To prove the apparatus efficiency, several calibnatests were carried out

and reported as follows.

4.1.1 Peristaltic Pump Calibrations

Ad hoc calibration curves were performed testingieags solutions.
Precisely, ethanol 70% was chosen due to its useeaszing liquid, while

PBS buffer fluid dynamic behaviour can be assumedlas to culture

medium. Culture medium was not tested due to ifsemsive cost and
considering how medium must be used in sterile itimmd (biohazard) to
avoid bacteria proliferation. The inner tube diagnetvas maintained
constant at 1.6 mm. Data were obtained imposingrastant rotational
speed and recording the reached volume after 1 l@nly flow rates less
than 0.1 mL/min were investigated, which corresgotalthe range useful
for bone and cartilage tissue engineef®®y 145, 146). Figure 4.1 shows
the obtained curves in which the measured flow [ratemin] is reported as
function of rotational speed [rpm]. As expectethasiol solution flow rate is
higher at every rotational speed. In fact, ethanolace tension (~22 mJ#n

is less than PBS buffer (~70 mJjmwhich can be considered a water-based

salt solution. The trends can be well approximaigidg linear regression,
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making easier the flow rate calculation, approxingatmedium flow
[mL/min] to 0.0459RPM].

4.1.2 Pressure Gauge Calibrations

Calibration curves were also carried out to achithe scaling factor for
pressure sensors. In figure 4.2, the trend obtainedhe first culture
chamber after three repetitions is plotted, showiag good linear
interpolation (R>0.9998) with relatively low errors in terms of put
signals.

Pressure Calibration
120 4

+ Pressure sensorn®l —Linearinterpolation, P.sensorn®
100 g
g a0 /
% / y=2.0871 x [mV] -2.52 [kPa]
5 60
@ R?=0.9993
E 40 »/./N/'
20 _/‘//
0 10 20 30 40 50 60
Output Signal {mV)
Fig.4.2. Pressure gauge n°1 calibration curve.
Scale factor | Bias 2 Max. error  Max. error
Chamber | “noamv) | [kPal R [mv] [kPa]
1 2.08710 2.52 0.9998 0.309 0.65
2 2.09078 2.334 0.9999 0.175 0.37
3 2.09230 2.53 0.9998 0.212 0.44
4 2.09932 1.73 0.9999 0.132 0.28
2.07031 0.00 Theoretical values

Tab.4.1. Pressure sensors, calibration parameters.
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The maximum measured error is less than 0.7 kPeepasted in table 4.1.
Table 4.1 also shows the calibration parameterutzed for each culture
chamber. Each sensor recorded a little pressurg, Ipobably due to
electrical resistance introduced during the devitgtallation (i.e. wire

welding). Sensors exhibit good linear output signas expected in the
measuring range. Considering 100 mV as full sc20@ kPa), the difference
between theoretical and measured scaling factaislem a maximum error

of 2.9 kPa at full scale (1.5% relative error).

4.1.3Load Cell Calibrations

Laboratory standard weights was used to calibrated [cell sensors,
recording the measured output signals in a trifdic&alibration curve for
the first load cell is reported in figure 4.3, whithe error bar for each
measured point is too small to be displayed. In, fdoe obtained maximum
error for each sensor is less than 0.3 mV (0.65aBlshown in table 4.2. As
expected, the achieved calibration curves exhiload linear trend (&>
0.9998) in the measured load range (from 0.0 N5t@ N). Table 4.2 also
reports calibration parameters for all the load sehsors. The registered
gauge factors differ from the ideal one for a maximof 0.08 N, as
calculated by equation 18, which also shows thealidgcale factor

conversion.

-1
. 2mV 1832mV
idealGaug&actor S[N ]= = =1.8028N
9 %HV Ve 30N | %nV (18)

MaximumbDeiation = (S, — Sue.) Ve = (1.7932-1.8028 [B32= 008N
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where S is the scale factorgS the theoretical value and'%eas. the scale
factor for the fourth load cell sensor. A littlealb bias is also reported, but
this effect does not cause any problem since ahwdage is performed

before the experiment.

Load Cell Calibration

16 -

14 | ¢ Load[N] ——Linear Interpolation, Load Cell n*1 | //
/ y=1.7981x - 0.005
10

8 / R?=0.9999

12

Load [N]

g

0 T T T T T T T T T T T T T T T 1

T T
00 05 1.0 1.5 20 25 30 35 40 45 50 55 60 65 70 75 BO 85 9.0

Output Signal (mV)

Fig.4.3. Load cell n°1 calibration curve.

Chamber Scale factor | Bias R? Max. error  Max. error
[N/mV] [N] [mV] [N]
1 1.7981 0.005 0.9998 0.309 0.65
2 1.7976 0.002 0.9999 0.175 0.37
3 1.8057 0.006 0.9998 0.212 0.44
4 1.7932 0.003 0.9999 0.132 0.28
1.8028 0.00 Theoretical values

Tab.4.2. Load cell sensors, calibration parameters.
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4.1.4 Motor Calibrations

Motor calibrations were also performed, representime measured speed on
the applied duty cycle. Several imposed duty cyckse analyzed,
repeating three times the measures. Concernindirdtemotor, data are
plotted in figure 4.4 in which a good linear treisdobtained (R>0.9999).
Also in this case, figure 4.4 does not display elrars due to their small
size, making useless their view. In fact, the maxmrecorded error was
only 6 um/s. In table 4.3, the calibration parameters afhemotor are
reported, in which the coefficientsn" and"g" correspond to the obtained

linear equation, as shown by the report 19:
Velocin™ |= mrDutylo)] - q (19)

Table 4.3 also shows a maximum motor speed of aldodé mm/s.
However, it is important to underline how, evemhié calculated duty cycle
at zero velocity is relatively low (about 5%), moshaft does not move for
duty cycle less than 10%, leading to a real minimmotor speed of about
0.065 mm/s for each motor. This effect is probaddlyibutable to internal
friction. The programmed software takes into actotime tabulated
parameters, also ensuring a motor speed of 0.00/s morking as a stepper
motor. In fact, considering motor speeds less thh@i@ mm/s, the trajectory
will be covered using discontinuous small stepSudn. On the basis of the
maximum measured speed rate, figure 4.5 showseihierr (gray) of the

applicable sinusoidal dynamics, plotting the maxmureachable
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displacement as a function of the frequency. Traplyrwas derived from

equation 20.
Trajectory s(t) = MaxDis% $in(27v )
Speed v(t) =- 27 d\/laxDis% [Cos@mry M) (20)

MAX/ 0.465
MaxSpeed V,,,, = 77F IMaxDispl - MaxDispl= T-=
v v

Motor Calibration
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Fig.4.4. Motor n°1 calibration curve.

m 2 Max. Vel.  Min. Dut

Motor | 1 aDuty(96)] [veI.r?1m/s] R [mm/s] (%] ’
1 0.015548 0.0918 | 0.9999 1.4595 5.905
2 0.015421 0.0899 | 0.9999 1.4522 5.830
3 0.015592 0.0954 | 0.9999 1.4638 6.120
4 0.015498 0.0928 | 0.9999 1.4570 5.990

Tab.4.3. Motor calibration parameters.
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5.0 Maximum velocity Duty=100%
4.5 {3

E

54.0

57 — Maximum velocity Duty=100%

0 02 04 08 0.8 1 1.2 1.4 1.6 1.8 2
Freguency (Hz)

Fig.4.5. Motor applicable sinusoidal dynamics.

4.1.5 Device testing

Figure 4.6 shows some recorded sinusoidal trajestasf displacement,
pressure and load. Considering five measures,sewere calculated as the
difference between the data and the ideal trajgct@d) 200 pum in
displacement at 0.1 Hz with an error of £ Quh, (B) 400 um in
displacement at 1 Hz with an error of + 2u%, (C) 20 kPa in pressure at 1
Hz with an error of £ 0.35 kPa, and finally (D) IN9of measured load at 1
Hz with an error of £ 0.05 N (figure 4.6). The gngpshow smooth trends
without sharp peaks. The obtained profiles werel \apbroximated by
sinusoidal trajectories, while maintaining in batses a relatively low error
(less than 2.5%). At low frequencies, the measerear was ten times less
than 1 Hz. This is probably due to the system dyosrm which motor

maximum speed was nearly reached. For pressurelaaut] cases, the
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recorded errors were comparable to the sensortstiess. Therefore, the
device appears to respond adequately, providirgyr@a positioning. Thus,
the right stimulation path can be either impose@aieved as a feedback.
Sinusoidal stimuli were proposed due to their wade as helpful stimuli in
a cell culture or during a mechanical analysisuSandal curves can be also
easily processed giving a representative overviefv tloe system
potentialities.

As described, the proposed system presents aktlibeacteristics derived
from the bioreactor definition, while maintaininggaod flexibility which is
mostly guaranteed by the silicone membrane. Thécdesxomponents can
be separated to each other. In this way, a custdtuare chamber can be
easily designed, according to the experiment requants. The high
versatility also allows to carry out the scaffolkding directly in the culture
chamber. After positioning, scaffolds can be seededered with medium
and placed in the incubator. Finally, a correct srtagnsfer can be achieved
through a peristaltic pump, allowing nutrient exaa and waste removal,
but avoiding a turbulent flow within the cultureoiRhis reason, the culture
chambers were characterized by a quasi-laminar Watv adjustable speed
and by a mass transfer range of 0.0005-5 mL/mieréfbre, this bioreactor
can combine cyclic compression and hydrostaticsones carrying out up to
four conditions simultaneously in four single stiation units controlled by
a single controller, while maintaining optimal eul conditions. The
system, completely autonomous and manageable loeeretwork, seems to

offer good benefits for bone and cartilage tissegeneration.
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Fig.4.6. The measured displacement, pressure andalib are plotted in black, the ideal

trajectory in blue, while the differences in red: @) 200 um in displacement at 0.1 Hz

with an error of + 0.2 pm, (B) 400pm in displacement at 1 Hz with an error of £ 2.5

pm, (C) 20 kPa in pressure at 1 Hz with an error ot 0.35 kPa, and finally (D) 1.9 N of

measured load at 1 Hz with an error of + 0.05 N.
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Moreover, the bioreactor can be used to mechaypiadibaracterize the
obtained constructs both during and after cell uralt providing a wide
range of possible tests. In particular, DMA is udedcalculate storage
modulus and loss factor, quasi-static ramp to nrease elastic modulus in
compression and, finally, relaxation-creep testohtain the viscoelastic

properties of the material.

4.2 Results & Discussions part 2: Scaffold charaateation

4.2.1 Silk fibroin and PDLLA sponges
In this work, silk fibroin and PDLLA sponges wersed as scaffolding
supports for cartilage and bone tissue regeneratmpiications and their
characterization is presented. The different sikoin samples are named
by a code, depending on the preparation procedsri®llows:
* SpRCP10: freeze-dried silk fibroin sponges, whéras the fibroin
concentration and 10 the ratieadWrinroina that is the PEG content;
* SpNaCIFCP10: salt-leached silk fibroin sponges,twifibroin
concentration and 10 the ratieadWrinroina that is the PEG content;
e SpKC and SpNaClE: freeze-dried and salt-leached sponges,

respectively, obtained byGfibroin concentration.
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4.2.2 Electron Microscopy characterization

Fibroin and fibroin/PEG scaffolds

In this section, ESEM and SEM images of fibroin &ibdoin/PEG sponges
produced for cartilage tissue engineering are tedorand analyzed.
Sponges were observed to evaluate pore shape asdasd their possible
interconnectivity.

The advantage given by environmental scanning relecmicroscopy
(ESEM) is the possibility to observe wet samplethwirelative humidity in
the chamber holder up to 100%, under similar camutto those of their
use. The produced fibroin and fibroin/PEG spongeafferd even
macroscopically, from dry to wet conditions. Foristhreason, the
morphologies of fibroin and fibroin/PEG scaffoldsroduced by both
freeze-drying and salt-leaching techniques, weraluated under wet
conditions, which are similar to the cell cultumeveonment. Thus, fibroin

and fibroin/PEG scaffold structures were observgdEREM, to achieve

information on the influence of PEG on the obtaispdnge morphology.

s, 8 b i
100 pm EHT = 4.00 kv Signal A = SE2 BiOtech & 20 pm EHT = 4.00 kv Signal A= SE2 ®)
— WD = 69mm Mag= 150X (A) —_ WD = 68mm Mag= 500X

Fig. 4.7. SEM images of freeze-dried fibroin spongg(SpF8). Images show the
characteristic high porosity of the structure (A) and the limited interconnection
between pores (B). Different magnification are show
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Moreover, SEM observations of the fibroin scaffofst®duced by freeze-
drying are presented in figure 4.7. Porosity appeary high, round shaped
and with well-defined regular pores. Pore size Itesto be widely

distributed about 20 and 140 pum. However, interestions cannot be
assessed accurately, which anyway does not appasr marked. The
limited interconnection could be a problem durihg in vitro cell culture,

hindering cell migration within the scaffold. In thocases, the porosity of
fibroin and fibroin/PEG freeze-dried sponges appdagher (between 50
and 200 um) if measured by ESEM compared to SEMNI tlais is probably
due to the swelling effect, in fact water acts aplasticizer by partially
dilating the pores. In addition, a further micropgity is shown on the
fibroin/PEG sponge walls (figure 4.8), probably dwethe PEG removal

during washing.

. y

Microporosity .

)

AccN  Spot Magn  Det WD 50
9.00kV 41 500x GSE 66 0.7 Torr SpF8 T2 St

Fig. 4.8. ESEM image of SpF8 (A) and SpF8P10 (B)@pges with 40% RH. Images
were acquired during sample drying occuring insidehe chamber holder. The
PEGfibroin scaffold wall surfaces exhibit visiblemicropores with a diameter of few
microns (B).
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This is also confirmed by IR (InfraRed) spectroscapd DSC (Differential
Scanning Calorimetry) analysis performed after wagh(data not
reported182)), with which residual PEG was not detected. Thesdences
show how the structure has been influenced byritiali presence of PEG
in fibroin aqueous solution. In addition, it is pdde to observe the
presence of a thin film which covers the surfaceP&G/fibroin sponges
(figure 4.9). This film must be removed before cth@mtyte seeding, thus

avoiding possible pore occlusions and promotingrogjration.

AccV  Spot Magn Del WDS 200 Im
120KV 50 166x GSE 8.3 . Tom SPF'?PIQt‘__

Fig. 4.9. ESEM image of SpF8P10 at 100% RH, the artsurface of sponge is covered
by a thin layer and pores are occluded.

Morphology of salt-leached sponges is very diffefeom the morphology
of freeze-dried (figure 4.10). The porosity and ep@ize are very high,
surpassing 350m.
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¢

pm EHT = 4.00kV Signal A=SE2 BlQtech
H WD= 54 mm Mag= 100X el

Fig. 4.10. SEM image of SpNaCIF8 sponge. Good intamnectivity and high porosity
are shown.

ESEM images of salt-leached sponges (figure 4.hbysirregular pores
with protrusions if compared to freeze-drying onBaring drying, the
structure exhibits the typical roughness of theaiito scaffold (figure 4.12).

AccV  Spot Magn Det W ccV  Spot Magn Det WD
120kv 50 166x GSE 85 N B 2. 5.0 2K GSE 9.8

Fig. 4.11. ESEM images of SpNaCIF8 (A) and SpNaCIPa0 (B) at 100% RH.
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AccV  Spot Mag) Det WD F—————] 200 um
120kV 4.7 163 GSE 10.0 2.0 Torr SpNaCIF8P10

Fig. 4.12. ESEM image of SpNaCIF8P10 sponge at 40B%1. The image was acquired
during sample drying occuring inside the chamber hlaer. The irregular structure

shows a high roughness and porosity as well as a rked interconnectivity.

In conclusion, two types of scaffolds were produded cartilage tissue
engineering. A high porosity was reached but witfietent pore size;
freeze-drying samples show a pore size betweem&@@0um, while salt-
leached samples, in wet condition, greater than B@dition of PEG seems
to have influenced only the microporosity formatidaring freeze-drying,
while the macrostructure, the macroscopic morphoboyd pore size appear
to be similar between the sponges obtained startiogn fibroin or
fibroin/PEG solution. Finally, considering the skaaching technique, a
slight mismatch between the formed pores and theysmulometry can be
noted. In fact, pore size is smaller than the yseagen size (500-1180
um). This effect can be explained considering how tnystal surface
should be partially dissolved by the aqueous smhutiuring manufacture

processinfl75).
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PDLLA salt-leached scaffolds

For bone regeneration, PDLLA scaffolds were pregpéog salt-leaching
technique using a polymer concentration of 13% Ywbmbined to a NaCl
(224-315um grain size) content to finally achieve a polymalt/ ratio of
1:10 w/w. PDLLA sponge exhibits a completely oper anterconnected
porosity, ranging from about 2@m to 400um in size, as shown in SEM
image (figure 4.13). Even in this case, the obthisteucture seems to offer

the required characteristics concerning tissuensaging applications.

=5E2 BlOtech: =

Fig. 4.13. PDLLA salt-leached sponge SEM image. Op@nd high porosity are shown.

4.2.3 Porosity characterization

Fibroin and fibroin/PEG scaffolds

Using the principle of liquid displacement and adoog to the protocol
described in paragraph 3.2.3.3, the scaffold ptrosas evaluated in a

guantitative way. The results are reported in #idet in figure 4.14. Data
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reflect what has already been observed by SEM/E8&;jes. The fibroin
sponges produced by salt-leaching possess a higbessity, 88%,
compared to those obtained by freeze-dryatgput 72%. In both cases, the
addition of PEG (10% wedWibroin) leads to an increase of porosity,
reaching about 91% in salt-leached sponges and i80&te freeze-dried
ones. This increase seems to confirm the hypottessierted after ESEM
analysis in which PEG may act as porogen, leadinghé formation of

additional microporosity (figure 4.8), once removmgdwashing.

Material Scaffold € (%) 1o (%)
SpF7 72 2.7
SpF7P10 80 2
Silk Fibroin
SpNaCIF7 88 1.7
SpNaCIF7P10 91 2.3
P{d,l)LA SpNaCIPDLLA 86 1.6

Fig. 4.14. Porosity values obtained from the prodwed scaffolds, in fibroin,
fibroin/PEG and PDLLA.

Assuming a normal distribution of porosity and ddesng the calculated
standard deviation, no significative difference da@ assessed through
unpair t-test between the porosity means of fibroin and FB®Gin salt-
leached sponges, while salt-leaching technique shagneral increase in
the obtained porosity when compared with freezendrprocedures, as also
observed by SEM/ESEM imaging. Since means resyam@mtly quite
different, the unpairt-test comparison between fibroin and fibroin/PEG

produced by freeze-drying also exhibit a signifietdifference in term of
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statical analysis (p>0.05). Considering the obthidata, it is possible to
conclude how the scaffolds present the neededgogbsity, about 90 % for
the salt-leached scaffolds and between 70% and 80%hne freeze-dried

ones.

PDLLA scaffolds

The PDLLA salt-leached scaffold porosity was evaddan the same way.
The obtained value is reported in table of figur&44 confirming the high
porosity usually generated by the production teghej as already observed
by SEM images. The porosity reaches a percenta§6%f enough to allow
cell penetration and migration as needed in saddfdior bone tissue
regeneration. Repeating unpgtest on each salt-leached scaffold (fibroin,
fiboroinfPEG and PDLLA), did not give significativedifferences.
Furthermore, the high porosity seems to be a padyliof the production
technique rather than the sponge material.

4.2.4 Mechanical properties characterization

Mechanical properties of fibroin and fibroin/PEGosges produced for
cartilage tissue engineering were evaluated bydompression tests under
wet (PBS) conditions, performed on each scaffofgetsiccording to section
3.2.3.1. A limit of the proposed technique is thiallt to obtain a regular
and reproducible specimen. Thus, a slight offsetdlmf 0.1 N was
previously superimposed. The choice to test saddfevith a compression
test is due to a double reason, the first conddmslifficulty to test sponges
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under a tensile state (stress triaxiality is easiyoduced), the second
concerns the necessity to consider a situationl@se @s possible to the
physiological one. The obtained results are repoiretable 4.4 and figure
4.15.

Scaffold Elastic Modulus [kPa]  Error [kPa]
Freeze-Dried Fibroin 97.7 7.86
Freeze-Dried Fibroin/PEG 74.9 7.72
Salt-Leached Fibroin 25.3 4.36
Salt-Leached Fibroin/PEG 25.5 2.89
PDLLA 112.3 5.15

Table 4.4. Compressive properties of produced scalfls

Compressive Young's Modulus
140 -

= | m Fibroin ** n°=5

a 120 *k E Fibroin/PEG .

x i mPDLLA T

o 100 T

=

3 80 T

2

s 604 .
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= 40 A I }

0

]

E 20 | 1
0 T —

FreezeDrying SaltLeaching

Scaffold Composition

Figure 4.15. Compressive elastic modulus of scafttd; the properties obtained by the

used techniques are compared. (*) indicates no siiicative differences, while (**) is

used when 5%significance level is exceeded. Each measure ig tinean of 5 different
samples.
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According to the porosity data, elastic moduli avleid from salt-leached
sponges are less than those obtained from freézé-sjponges. Figure 4.15
reports how the fibroin and fibroin/PEG scaffoldsguced by salt-leaching
technique show no significative differences. Comapnee elastic moduli are
25.3 + 4.36 kPa and 25.5 * 2.89, kPa respecti@bnversely, freeze-dried
samples, when compared each other, exceed the dgsfticance level,
fibroin 97.7 + 7.86 kPa and fibroin/PEG 74.9 + 7.KPa. However,
compressive elastic modulus of PDLLA appears tahieehighest (112.3 +
5.15 kPa), despite the salt-leached structure,ligiging how the material
plays anyway a key role. In Figure 4.16, the stetssn curve of SpF8 is
reported, representing the typical trend of spongleswing an initial linear
elastic region in which compressive elastic modwé calculated between
2% and 10% (ASTM D 1621-04a).

Stress-Strain

——Freeze-dried scaffold
250
= 200 Bulk
3 Modulus
w 150
1]
£
& 100
so | Elastic Modulus Structure
Collapsing
0 ; ; ; ; .
0.0 02 04 0.6 08 1.0
Strain

Fig.4.16. A typical stress-strain compressive curvebtained on freeze-dried fibroin. In
the first part, the linear elastic part is highlighted, while structure collapsing and bulk
compression follow.
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The structure collapsing follows the first linedasgic part, in which pores
are occluded. In some cases, this stage may appeaplateau without any
increase of the recorded load. The last part simpbasures the bulk
material strength, but the interesting region fassue engineering
applications is for values lower than 30% in strain

Table 4.5 shows the data achieved from dynamis tzstied out by DMTA

analysis (1 Hz, 64um at both 25°C and 37°C). Again, the pair or unpair
test statistical analysis performed on the storagedules shows no
significative evidences between samples produceshliyleaching, whereas

the 5%-significance level is exceeded in the stdéf produced by freeze-

drying.
Scaffold eo"C
Ei(kPa) zE;(kPa)| tand  +tano
SpF8| 14265 3.53 0.218  0.045
SpF8P10| 105.22 3.17 0.192  0.004
SpNaCIF8| 34.70 1.56 0.160 0.007
SpNaCIF8P10| 40.00 1.83 0.166  0.006
37°C
SpF8| 14255 6.68 0.185  0.028
SpF8P10| 97.03 2.20 0.171  0.003
SpNaCIF8| 34.25 0.92 0.140  0.014
SpNaCIF8P10| 37.63 2.47 0.154  0.006

Table 4.5. Storage moduli and loss factors of fibio scaffolds
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Figure 4.17. Storage moduli of fibroin scaffolds ddeved at 1 Hz, 64um amplitude
and 0.1 N as offset, where the properties at 25°Qd 37°C are compared. (*) indicates
no significative differences, while (**) is used Wwen 5%-significance level is exceeded.

Each measure is the mean of 3 different samples.

Anyway, a comparative analysis between the resiitained at different
temperatures does not show any significative défiees considering data at
25°C and 37°C, probably due to a slight temperatifference, too low for
this kind of material. The recorded storage modué comparable with
those obtained by quasi-static tests, between aB@ukPa and 140 kPa,
although slightly higher, as expected (figure 4.18)fact, for polymeric
materials, the storage modulus generally increasdbh the applied
frequency, reaching a maximum and then decrea3iaigle 4.5 and figure
4.18 reported the loss factdand at temperatures of 25°C and 37°C.
Statistical analysis indicates how any significatchanges are found on the
scaffolds produced by both salt-leaching and frergeng. Excepting for
SpF8P10, sponges seem not to show differenceshawvlmair between 25°C

and 37°C, confirming the previous data obtainedhwie storage moduli.
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m Freze-Dried Fibroin
Loss Factor @ 1Hz mFreze-Dried Fibroin/PEG

ESaltleached Fibroin

m Saltleached Fibroin/fPEG

Loss Factor

| 25°C

Temperature (°C)

Figure 4.18. Loss factors of fibroin scaffolds ackved at 1 Hz, 64um amplitude and
0.1 N offset; the properties at 25°C and 37°C areompared. (*) indicates no
significative differences, while (**) is used whe®%-significance level is exceeded.
Each measure is the mean of 3 different samples.

Fibroin Mechanical Properties
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Figure 4.19. Both elastic and storage moduli are ptted as a porosity function.

Furthermore, a crossed comparison was conductpar€fi4.20) between the
samples produced by salt-leaching and freeze-dryaiig the same

temperature, showing any defined difference, prbbawe to the error
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found in the sample SpF8 0.218 £ 0.045 (20% regadiror). This indicates
how the accuracy obtained in these measurementsotissufficient to
establish a correlation between the measured pyresid the energy
dissipated by the materiaisnd. Figure 4.19 report the calculated moduli as
a function of the sponge porosity. A decrease mmseof mechanical
properties can be observed (as highlighted) whemsty increases, as
obviously expected. In fact, considering the sametisen, the cross area

decreases when porosity increases, reducing tloanmsge stiffness.

p=0.05 (**) =5 o2 s 5
Freze-Dried Fibroin B _ * * #
Freze-Dried Fibroin/PEG b2
SaltLeached Fibroin *

Salt-Leached Fibroin/PEG

Figure 4.20. Crossed comparison between loss facsasbtained from fibroin and
fibroin/PEG scaffold at 25°C, 1 Hz, 64um amplitude, 0.1 N offset. (*) indicates no
significative differences, while (**) is used whe®%-significance level is exceeded.

Each measure is the mean of 3 different samples.
In conclusion, it is possible to affirm how the rhanical tests performed on
sponges confirm the results obtained by both thENESEM images and
porosity tests. Fibroin samples also seem to res@mpropriately to the
applied stresses, recovering their shapes afted (data not reported).
Dynamic tests on PDLLA scaffolds were not performeohsidering their

application. In fact, PDLLA scaffolds were princilyaused for dynamic
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cell culture under hydrostatic pressure conditiand dynamic compression

characterization becomes unnecessary.

4.3 Results and Discussions part 3n vitro Experiment

4.3.1 Cartilage tissue engineering: validation expenent

The aim of this preliminary biological study wa® ttomparison, in terms of
cell proliferation, between different cell cultuginconditions; dynamic
conditions, using a commercial bioreactor and asheuade specifically

designed bioreactor, were compared to standard statiditions.

XTT assay

Cell proliferation, measured by XTT assay, was uaked for two different

time points,TO andT7 (after 7 days of static culture and 7 days of dyica

culture, respectively) and for the three selecteaffslds, the lyophilized

fibroin/PEG sponge SpF8P10, the fibroin/PEG sporgeNaCIF8P10

produced by salt leaching and finally the freezedlfibroin scaffold SPF8.
The results are reported in figure 4.21. Signifieatdifferences can be
found among the constructs after static and dynaelicculture conditions.

In fact, cell proliferation is substantially lowén the scaffolds cultured
under dynamic conditions, however, no substaniféérénces between the
dynamic conditions conducted in the commercial d@hd house-made

bioreactors are shown. A physiological decreaseetlf proliferation after
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two weeks occurs, even in static culture, affectmlgo the dynamic

conditions.
0,300 -
0,250
|
|
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P |
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Fig. 4.21. XTT proliferation results for each expemmental time point and seeded
scaffold, the lyophilized fibroin/PEG sponge SpBP10, the fibroin/PEG sponge
SpNaCIF8P10 produced by salt leaching and finally the freezdried fibroin scaffold
SPF8. The proliferation, measured on three samplegs indicated in arbitrary units
(a.u.), while error bars are not reported.

In fact, dynamic cell cultures were conducted Btgrtfrom scaffolds

previously cultured under the same conditions ef static ones. Besides,
the physical applied stimuli, such as perfusionti® rotating vessel
bioreactor and compression in the house-made aneinduce a greater cell
loss in the early stage of dynamic culture, redgicimre cell population on

scaffolds, probably due to detachment induced byntlechanical stimuli or
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related to the sample handling during the passega §tatic to dynamic.
Anyway, further experimental evaluations would lBzessary to confirme
the previous assesments. Futhermore, fibroin sgopgeduced by freeze-
drying show a proliferation behaviour very diffeteto the sponges
produced by salt leaching. At each experimenta tpuint, the salt-leached
scaffolds possess the lowest number of active.d@hdy in the house made
bioreactor, this difference seems to be no sigaifie. However, the
obtained results show, although qualitatively, hanly under static
conditions a certain difference in proliferationteen scaffolds may be
observed, while under dynamic conditions cell peotition appears very
similar. This evidence leads to assume how thecefiieduced by the
different scaffold was hidden by the dynamic caodg which strongly
influence the culture by reducing proliferation.ig preliminary experiment
anyway confirms the effectiveness of the developggaratus, which
reports results very similar to the commercial oReture works will be
focused on the optimization of stimulation paramete improve the cell

culture.

Histology and ESEM microscopy

The histological analysis of fibroion/PEG spongesswperformed in
collaboration with the Pathological Anatomy ward Sf Chiarahospital,
Trento. Scaffolds were mounted in paraffin, stainéith hematoxylin-eosin

and observed with the optical microscope to vahty cell distribution.
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Cells | -~ e 4]

0N

Fig. 4.22. Images after histological staining witthematoxylin-eosin. Cell nuclei are
visible in blue-purple; A) Sponge SpF8P10 culturedinder static conditions atT7; B)
Sponge SpF8P10 cultured in house-made bioreactor &%7; C) Sponge SpF8P10
cultured in rotating vessel bioreactor atT7; D) Sponge SpNaCIF8P10 cultured under
static conditions after seven daysT0.

(L)

In most of the histological samples, chondrocytesennot found. This
evidence is in contradiction on what observed ie previous XTT
evaluation. Each seeded scaffold, even those sigabby XTT analysis
with a high cell proliferation, was completely fre€é cellular components.
Figure 4.22 reports some histological images. Tiesgnce of chondrocytes
is very limited. Small clusters are mostly formedaeem not to adhere to
the protein matrix. It also is important to notloaw the positive or negative
cell distribution (samples with or without cellsspectively) seem not to

follow a clear criterion. In fact, the fibroin SpEgonges at tim&0 (having
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a maximum absolute XTT value of proliferation) wenegative; the
fibroin/PEG sponges produced by freeze-drying wergative at timero
while showing a slight presence of chondrocyte§ atn all the culture
conditions. Finally, fibroin/PEG sponges, produdsdsalt leaching, were
positive at time T1 when the measured proliferatialue was the lowest in
that experimental time. In light of these obsexwadi it sSeems reasonable to
conclude that problems during sample fixation pbdpaoccured. The
chondrocyte adhesive force to fibroin matrix washably too weak to
withstand the action of formaldehyde, considerihg &pplied fixation
protocol (section 3.3.2.2). This hypothesis seembéd confirmed by the
cellular distribution observed in positive sampléscusing on cluster
formation, in which cells appear to bhppedfrom the fibroin matrix.

Fig. 4.23. ESEM images related to A) lyophilized lfiroin/PEG sponge at T2 cultured
under static condition; B) fibroin sponge/PEG prodiced by salt leaching at T2
cultured in house-made bioreactor. The images wer@cquired in low vacuum mode.

Similar problems of cells fixation also happenedESEM analysis. In fact,

cells were not detected in any samples. Some remi@Es/e images are

shown in figure 4.23. In conclusion, the experimenist be re-performed,
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after changing dynamic stimulation parameters dred fixation protocols

for imaging.

4.3.2 Cartilage tissue engineering: condition invéigations

To assess the effect of dynamic conditions on pedtuchondrocytes, a
second experiment was carried out, after reducheg lbading time to
enhance cellular activation. In fact, this expenmis intended to evaluate
both dynamic and static cell culture conditionstfer development of tissue
engineered constructs, in terms of cellular attwveand proliferation, after
a 14 days long experiment. In this experiment,ltlael condition was thus
reduced, passing from 25% to 20% in strain andedstng the stimulation
time to 30 minutes per day. In fact, prolonged stations may not
necessarily result in a higher matrix formationcdmpared with short
stimuli. In fact, mechanical stimuli were espegialimportant in cell
activation, but long application can lead to celhthge and apoptosis. For
this reason, a rest period was often introducetiiwithe same stimulation,
and a loading time usually no exceeds an hour-l&athed silk fibroin
sponges were used as scaffold. This kind of sahffi@s chosen for its high
and interconnected porosity. In addition, othet celtures carried out with
these scaffolds have reported promising resultda(cet show(il83)).
Finally, a 17-days long experiment was thus caroeet, shortening the
prestatic culture (three days are enough for celheaiorl84)) and
prolonging the dynamic one to fourteen days in otdeeduce the negative
effect on data associated to the passage fromc statidynamic. Cell
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proliferation results, obtained by AlamarBfuassay, are reported in figure
4.24. The obtained results show no statisticabaiffices between static and
dynamic cultures after seven dakg. At the fourteenth day T14, a slight
increase in proliferation in dynamics can be obseénbut no less than 5%-
significance level (p<0.1). Furthermore, performagtatistical analysis on
the trend of cell population, no defined differep@an be assessed in static

(p <0.2), while in dynamic a p-value less than (@6 be calculated.

AlamarBlue proliferation
O static Edynamic

25 I 1Kz

*| 1
20 - — .

*
1

15

10

% Reduction

T7 T14
experimental time

Figure 4.24. alamarBIué results, the proliferation values expressed by %faeduction

are compared. (*) indicates no significative diffeences, while (**) is used when 5%

significance level is exceeded. The tested samplesre 3, for 4 measures on each
scaffold, resulting in 12 d.o.f..

This evidence leads to conclude how the imposeamyja conditions, in
this experiment, were enough to significantly irwe cell proliferation after
fourteen days, without cell damage. However, thighslincrease in

proliferation seems to be in agreement with theegarcell type behaviour,

190




RESULTS AND DISCUSSIONS

characterized by a general slow metabolism and grelvth(158, 185).
Future experiments should be performed for a lopgeiod (56-60 days) to
assess the matrix synthesis or specific genes &sipre maybe starting

from a more proper cell concentration {®’ seeded cells).
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Figure 4.25. Storage Moduli and loss factors obtagd daily on the cultured scaffold.

Extracellular matrix deposition was also analyzadrdy the first two weeks
of dynamic cell culture by monitoring daily, duritige culture, the storage

modulus and loss factor. The trends reported urégt.25 does not show an
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increase during the analyzed period, therefore rasmrable deposition of
extracellular matrix was found (fibroin scaffoldses$ not degrade in such as
short time), according to literature d@ta8). However, the obtained values,
storage modulus 32.4 + 3.9 kPa and loss factor50t1(.04, are comparable
to those measured in the previous session 4.2jreon§) how this device
can properly work as a testing machine apparatusié@hanical measuring.
Concluding, it is possible to assume that the iradodynamic conditions
seem not to lead cell damage, but cell proliferatsoencored after 2 weeks.
No matrix deposition was found. Further studiesoalncluding gene
activation analysis, are thus needed to better rstated the optimum
dynamic conditions and their effects on cell cudtur

4.3.3 Bone tissue engineering: validation experimén

To validate the bioreactor system developed forebtissue engineering,
another preliminary experiment with human osteasaec derived

osteoblasts (MG63) seeded on PDLLA salt-leachedggowas conducted,
comparing the achieved results with those obtaimgdhe static culture,
used as control, and by the dynamic cell culturdexhout in the previously
used RCCS commercial rotative bioreactor (12 rpifihe unloaded

condition was also tested. The imposed dynamicitiondvas 30 min / day
of 20% sinusoidal strain (0.4 mm) at 0.1Hz. Afteree days of static
culture (timeT0), scaffolds were cultured for other seven dayd éome of

them continuing a standard static culture, otheowing a dynamic

culture.
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Figure 4.26. alamarBIué results for TO and T7. The proliferation value expressed by

% of reduction are compared. A crossed comparisorsialso performed. (*) indicates

no significative differences, while (**) is used Wwen 5%-significance level is exceeded.

Each measure is the mean of three different samplesarried out 4 times, resulting in
12 d.o.f..

AlamarBIué proliferation results are reported in figure 4.Z&e statistical

analysis performed on proliferation data shows eatgr number of active
cells in the static culture compared to the dynamansidering the first
culture week (after 3 days of pre-static), as alyeseen in the previous first
two experiments. In this case, it is possible tsesbe a significative
differences (p <0.05) between scaffolds culturestatic and dynamic.
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static T 0

static home-made loaded

home-made UN-loaded RCCS

Fig.4.27. Confocal images of cultured scaffolds, t&f Phalloidin Rhodamine (resulting
in red color for cytoskeleton) and DAPI (blu, for ruclei) staining.

194



RESULTS AND DISCUSSIONS

Moreover, among the samples cultured under dynasoiditions, only
those loaded in the house-made bioreactor showréfisative increase in
proliferation. Furthermore, only the samples c@tuiunder static and the
“loaded scaffols report a significative proliferation irease over the
selected time pointsJO to T7. Thus, also in this case, the imposed
conditions in the rotary bioreactor resulted inl aghmage during the
culture. Scaffolds cultured in the house-made bicter also seem to report
cell damage, suggesting that a first negative effieend in dynamic was
slightly compensated by the compression-induceldacgivation. However,
this evidence is only a hypothesis to be betteifigdrusing other more
specific methods for gene expression quantificatsoich as RT-PCR.
Visual inspection of cell proliferation and adhesiowas performed using
confocal laser microscopy, after specific stainifay cell nuclei and
cytoskeleton. Figure 4.27 shows the confocal imageguired on the
cultured samples; after staining, cell cytoskeletesulted in red color,
while cell nuclei in blue. The confocal images agp® be in agreement
with the proliferation data; only the scaffolds towéd under static
conditions and loaded in dynamic seem to be wedufaied. In fact, a good
distribution and cellular morphology is shown, whgdcaffolds cultured in
the rotary bioreactor and the unloaded ones reporinon-optimal
distribution, also presenting fewer cells. In faasteoblasts should
physiologically form a layer covering the scaffatghterial to subsequently
start the extracellular matrix deposit{@8). Finally, figure 4.28 shows a

qualitative evaluation of cell migration, consiagyithe maximum measured
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depth reached by cells for each different sampley Atatistical analysis
was not performed on migration, in fact a singleglke for each condition
was analyzed. Interestingly, the obtained depth tloe house-made

bioreactor corresponds to the applied displacemepitude.

Confocal imaging
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Fig.4.28. Qualitative migration measured through cofocal images.

In conclusion, it is possible to assert that theults obtained by the
developed bioreactor are better compared to thokeaed by the rotary
commercial bioreactor in terms of cell proliferatiand migration, although

a greater proliferation is shown in static culture.

4.3.3.1 Bone tissue engineering: dynamic hydrostatpressure,

condition investigations

The ability to control and influence cell behavior produce tissues, both
hierarchical and functional in nature, is critical tissue engineering and

regenerative medicine. The ability to mirror bothe tnatural structural
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morphology as well as cellular micro-environmentta replacement tissue
is vital for the success of an engineered ti€k26). Bone tissue is unique in
that it has a strong ability to adapt its interaadhitecture and density in the
presence of mechanical stimulation. This fascigatability of bone to
remodel to fit the desired physiological demand eissential in the
production of functional bone replacements. Borahiggcture is unique in
that it has the capacity to adapt to external se®sFirst proposed by Wolff
in the late 1900’s, bone tissue was believed tosftam according to the
level of physiological stresses encountered. Lakenst would further
speculate that in addition to architecture, bonendmstasis is directly
related to the physiological stress environmentriddes techniques have
been devised to simulate physiological stré@ssvitro(187). Of these
techniques fluid shear, compressive strain andxialisgtretching devices
are amongst the most commonly studied systems.eSbune tissue
experiences a wide spectrum of stresses, a condnnaf techniques is
often employed such as combining fluid shear witissrate deformation.
Bioreactors are often employed in cell culturegmtance cell growth and
tissue formations through the application of medatan stimuli.
Consequently, it has been shown that the applicatiovarious dynamic
stresses, such as shear and strain, can influsteebdasts genotype as well
as matrix productiofd88, 189). Undoubtedly, a combination of such
mechanismsn vitro plays a vital, if not synergistic, role in guidedsue
formation. However, the exact mechanisms of hoveghactors influence
cellular development and tissue organization alleesiisive. In an effort to
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elucidate these mechanisms, we developed a dyrautticing method that
utilizes hydrostatic compression to stimulate selbstrates. By controlling
the frequency, magnitude and even cycle of apmisgks, cell behavior can
be influenced. The aim of this work was to applyyatematic study of the
dynamic culture parameters and investigate theoresp on osteoblasts
proliferation, migration and genotypic expression.

Cell proliferation of both dynamic and static cuéis at different pressures
(10 and 20 kPa) and frequencies (1 and 0.3 Hz) ewaasuated by
alamarBIu& assay. At day 7 under 1 Hz frequency, a significkviation
between 10 and 20 KPa can be observed indicating favorable culture
conditions under higher pressures. However, whes ¢hltures were
extended to 14 days this trend began to diministh thie gap began to
narrow (anyway the hypothesis of equal mean wdistitally rejected with
a p-value of 0.05 and 24 d.o.f.). In comparisonemwtapplying 0.3 Hz
frequency, no appreciable difference between pressagnitudes could be
distinguished. From the data it is clear that bptessure magnitude and
frequency can play a role, albeit synergistic, @tl proliferation. Only 20
kPa/1Hz dynamic condition seem to provide an higpeliferation in
dynamic compared to static in the first seven dagll attachment and
morphology was quantified using Confocal Laser Mscopy (CLSM) after
Rhodamine Phalloidin and Dapi staining. The preseont cells was
observed at all time points and culture conditiohis7 days cultures, cell
attachment and migration phenomena could be obdemg 14 days
substantial cell populations could be seen throughioe thickness of the
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scaffolds. Unlike the alamarBlue assay, imagesdidndicate a substantial
deviation between applied mechanical stimulatioawkEver, there is some
indication that cell attachment and spreading was hctive at a pressure of
20 KPa.
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EBR 20kPa@1Hz @ 1Hz
© 35 -
el mBR 10kPa@1Hz PR
e Rk T
ﬁ
5 25 HE =
B 20 w—IF 1
=]
2 15
E 1.0 1 i L L
® 05 ]
E E
2 00 T !
T 7 Experimentaltime {days) T 14
O Static @ 0.3Hz
§ EBR 20kPa@ 0.3Hz
;,f', 30 | EBR10kPa@0.3Hz . T
5 25 Jede
220 erofe o
2 15 1] 1 1
E 10 L] [ | I
® 05 | - S
E . F 5
S 00 : [ |
=

T 7 Experimentaltime (days) T 14

Fig.4.29. Reports alamarBIu& proliferation results normalized on the static TO
percentage of reduction. (**) indicates a p-valuedss than 0.05, considering 24
measures (eight measure for 3 samples).
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Fig.4.30. DAPI/Phalloidina staining: confocal imags acquired on cultured scaffold,
blue dot indicates the cell nucleus, while the cysieleton in red.
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Cell viability was further assessed with confo@ddr microscopy (CLSM)
after staining with fluorescein diacetate—propidiwodide (FDA-PI) FDA
stains viable cells green, while Pl stains necrafid secondary apoptotic
cells red. Images confirmed the presence of vieblls in all samples minus
10 KPa, 1 Hz at 7 days. The lack of active cellstfee 10 KPa, 1 Hz
condition reiterates the alamarBfudata presented above with results low
cell proliferation. However, active cells are obsel once the culture is
extended to 14 days indicating a regulation ofcleactivity.

This experiment presented here is a preliminaryueti@n of cell kinetics
under mechanical stimuli. To further evaluate dgatal activity, future
experiments will include RT-PCR to map the cell gaxpression during
dynamic conditions. RT-PCR is a powerful biologieasessment technique
that can provide information on matrix productiordanineralization, both
of which are critically important in the formatiasf tissues. In addition,
many parameters in dynamic culture can influenc# aetivity and
proliferation. Future experiments will focus orvéstigating more of the
dynamic culture parameters such as applied cychebeu and rest period
between cycle session. Thus, it was decided to wxnd 28 days-long
experiment with the best found conditions, in teohsell proliferation, that
is 20 kPa/l1 Hz.

Note: In the blank experiment carried out underasgitc conditions with
only diffusion of nutrient, a decrease in proliféwa occurs also after 14
days, while a trend similar to those previouslylakx@d was reported in the
test performed at 20 kPa and 1 Hz, but without @inaous diffusion of
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nutrient (data not shown). Considering this lastdence, the nutrient flow

rate was reduced from 0.05 mL/min to 0.01 mL/min.

Frequency: 1 Hz
Stati 10 KPa 20 KPa

Static

"10 KPa 20 KPa

Fig.4.31. FPA/PI staining: confocal images acquiredn cultured scaffold, green dot
indicates alive cells, while red one indicates ddatells.
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4.3.3.2 Bone tissue engineering: dynamic hydrostatipressure, long

experiment

The influence of dynamic stimuli (dynamic hydroatgiressure) on PDLLA
salt leached sponges seeded with human osteosanennad osteoblasts
cell line MG63, over a cell culture period of 28ydavas observed. The
study was focused on the evaluation of dynamic celture conditions
compared to the standard static ones, in termselld proliferation and
activity. Figure 4.32 shows the proliferation treméasured by alamar Blue
assay. Cell proliferation trends after both stadimd dynamic culturing
conditions seem not to differ to each other. A geahencrease of
proliferation during the first days of cell cultufd4 days) is shown,

followed by a plateau.
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Fig.4.32. alamarBlué€ cell proliferation measured on cultured scaffolds (**)

indicates a significative difference p-value lesian 0.05 (n=24).
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Cell viability (figure 4.33) was analyzed by con&ébdaser microscopy after
staining viable cells with Calcein AM, resulting angreen color. Live cells
increase with culturing time, as expected. Furtleeenthe confocal images
are the result of a stack of different layers fatepth of about 250 um and
by looking inside the sample (different viewing nesdare possible but no
further images are reported) it is possible to ssdbat live cells are
homogeneously distributed inside the examined velu@ell structure,
spreading behavior and distribution inside the wwred volume was
analyzed by confocal laser microscopy (CLM) aftéroBamine Phalloidin
and Dapi staining (figure 4.34). In particular, Ramine Phalloidin is a
high affinity probe for F-actin which is also cogated to a fluorescent dye;
thus the cytoskeleton can be stained resultingredacolor. Besides, Dapi is
a fluorescent stain that binds strongly to DNA aiid,excited with
ultraviolet light, appears in a blue color.

Both the static and dynamic cell cultures, for guarosen time point, were
examined by CLM. Cells were able to enter the psrscaffold structures
even from the early evaluated time points. Gengrdile total cell amount,
qualitatively increased with the culturing time thy 14, for both static and
dynamic cell culture, as also proved by alamar Blseay. Conversely, cell
distribution and spreading behavior resulted digammin the two cell
culture methods. In the dynamic study cells appktoalistribute following
a sheet like configuration while in the standaratistculture cells appear

less connected to each other. This is probably tduhe higher cellular
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activity, corresponding to a higher matrix prodantiof cells dynamically
cultured, as confirmed by PCR analyses.
Static Dynamic

Fig.4.33. FPA/PI staining: confocal images acquiredn cultured scaffold.
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Dynamic

3 Days

7 Days

14 Days

21 Days

28 Days

Fig.4.34. DAPI/Phalloidina staining: confocal imags acquired on cultured scaffold.
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RT-PCR

In this study cellular gene expression was qualgit evaluated to reveal
the effect of the experimental conditions on thedalation of genes specific
to key developmental stages of the osteoblast dmeaDuring the

progressive development of the osteoblast, threg $mges can be
identified: proliferation followed by matrix deptisin and maturity and

concluding with matrix mineralization. In this siydthe aim was to

investigate genes specific to these three stagestebblast development to
evaluate the effect of the experimental conditionghe modulation of the
cellular genotype. A summary of the relative gemxeression of select
genes of interest in this study are presentedjurdi 4.35.

Proliferation:

During proliferation, a number of genes are exmésitiating a cascade
of events promoting cell division, migration angarsion. Genes related to
the family of transforming growth fact@-(TGF) have long been
considered to play an important role in cellulasliferation and expansion.
When combined in cell culture, TGR- has a profound role towards
increasing cellular proliferation while also exhibg neotissue formation
propertie§190). Moreover, TGH1 has also been revealed to be an
important factor towards cellular commitment to éatell lineages, thus
playing both a role in proliferation and differatton events. To
demonstrate these events in our study, the relaxpeession of TGBL

between static and dynamic conditions was evalyateld results presented
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in figure 4.35. Data evidenced, under static conld, a steady increase in
expression over the culture period. In the dynasecies, a bimodal
expression sequence with peaks of TaFpresent at days 3 and 21 was
observed. Early expression of TGQE- likely correlates to a stronger
commitment to bone cell linage as there was nagrifecant difference in
proliferation measured between the static and dymaeries. Furthermore,
the gradual increase of expression up to day 2patgd the continued

commitment to the osteoblast activity.

Matrix Deposition & Maturity

A number of events occurs during the formation xfracellular matrix,
which leads to the deposition of matrix specifiotpms and molecules. In
bone tissue, collagen | is the most prevalent mairotein comprising the
majority of the total protein content of bone EC®obncomitant to matrix
collagen deposition is the requirement for incrdasellular activity, most
commonly observed through ALP activity. Hence, un study we observed
both collagen and ALP activity, as presented irurég4.35. Dynamic
conditions clearly enhanced the collagen expresthooughout the study
with a distinct peak at 21 days. While it is naganl the specific nature of the
increased expression at day 21, one possible eagmans that prior to this
period of culture the cells were becoming adjustedthe dynamic
conditions; only after a set period of time collages produced
pronouncedly. In additions, with regard to ALP, ignfficant increase in

activity was apparent in dynamic conditions verstasic controls.
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Fig. 4.35.Summary of the relative gene expression measured IRT-PCR.
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This is not unexpected as increased ALP activitgogelated to enhanced
ECM production which can be verified by the incezh¢evels of collagen
production. Thus it can be speculated that the mhymastimuli improves

both cellular activity to produce matrix as wellagual protein production

through collagen.

Matrix Mineralization

Once the production of mature matrix has occuresdapparent through
collagen deposition, matrix mineralization commenckhere are a number
of cellular cues involved in the late stages ofeobtast development,
specifically related to the process of matrix mabeation such as
osteocalcin and decorin. Osteocalcin is a boneixnsiecific protein which
is expressed throughout the production of ECM. Dstawed a bimodal
expression of osteocalcin with peak expressiongaied at days 7 and 21
for both static and dynamic cases. However, intergly, the expression of
osteocalcin in the dynamic series is greater thahdf the static.

Thus it may be concluded that the dynamic conditianfluenced the
production of bone specific matrix proteins but dat affect the modulation
of such genes. Decorin is more specifically expeésturing the late stages
of ECM production and is related to the mineralmatstage of the bone
matrix. From the data it can be seen that in th&cstondition there is a
gradual increase in expression from early to latéhe culture period. This
is not unexpected as decorin is usually correltdetthie amount of collagen
present in the culture. Yet, a different behaviaswbserved in the dynamic
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case, in which decorin displayed a peak expresaioday 14 and then
diminished. Likely, this is a result of the earlypeession of collagen in the

dynamic series and thus resulting in a maximumesgion at day 14.

Summarizing, the PCR test performed evidencesdjaamic stimulation
during cell culture leads to the modification oings expression connected
to matrix production. Application of mechanical nstili, thus, strongly

influences cell activity during the cultureimvitro experiments.
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5. FINAL REMARKS

The object of this thesis work was the design drel development of a
bioreactor system for tissue engineering applicstidhese kind of systems
are becoming widely studied and exploited becabgaysing them during
cell culture, additional fundamental parameters extérnal cell stimulation
can be introduced, guiding the cell culture method more advanced way,
more similar to thein vivo conditions. Basically, the improvements
introduced by bioreactors are related to the redlucees needed for cell
migration/proliferation. Furthermore, by adding extal stimuli to the
seeded scaffolds, cells activation can be stimdlate

The designed bioreactors were optimized, in terhsofiware development
and structural components engineering. Differemfigarations for specific
applications and needs were also considered.

In particular, the produced bioreactors were testedcartilage and bone
tissue engineering applications and different expental procedures were
used after a proper optimization of processingpatars

Therefore, bioreactors resulted promising and @ty powerful systems,
able to perform a cell culture under dynamic caodg influencing cell
behaviour and proliferation. Both chondrocytes asttoblasts cell cultured

were subjected by this culture method able to mithie physiological
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conditions; moreover, osteoblasts activity was disavily affected by the
bioreactor stimuli, resulting faster and extremsénsitive to the external

environment.
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