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Chapter 1 - Introduction

Loss of cartilage due to trauma, tumour resectiocoagenital defects is a major challenge in
craniofacial surgery [1]. Established methods fmicular reconstruction such as costal grafts
are often accompanied by chest wall deformitieapplication of alloplastic implants causing
foreign body sensation as well as bearing aestldefiicits [2]. Thus, there is an increasing
demand for satisfying alternatives. Tissue engingeholds the promise to enable the
generation of autologous implants that likely ménet clinical need. The overall goal is to
establish a procedure to obtain autologous cella bgethod with minimal burden on the
patient, after expansion seed the cells on custesigded scaffold, differentiate or
redifferentiate the cells applying growth factorsdasubsequently transplant the engineered

cartilage construct.

Cartilage Biology

Understanding cartilage biology is inevitable fartdage tissue engineering. Chondrocytes
are embedded in extracellular matrix (ECM). Cagilas not rich in cells, in human hyaline
cartilage chondrocytes only represent 1% of theiwel of hyaline cartilage thus cartilage
ECM is of particular interest [3]. The intertermi@ matrix is composed of a collagen
network formed by collagen fibrils, which providiemsile strength and retains proteoglycans.
Type 1l collagen represents the principle comporanthe macrofibrils. Type VI collagen
forms the macrofibrils in the pericellular area age IX collagen is crosslinked to the
surface of the fibrils. Type X collagen is only #lyesized by hypertrophic cells and is usually
present only in calcified areas. Type Xl collageranother type of collagen, which can be
found within the macrofibrils [4, 5]. Besides cgén proteoglycans are also responsible for
cartilage characteristics. Their core is associateith one or more varieties of
glycosaminoglycan chains. Glycosaminoglycans repriesnbranched polysaccharides built

of disaccharides. At least one disaccharide alwmeears a negative charge, which allows
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Chapter 1 - Introduction

interaction with water. The tissue fluid is anotlessential part of hyaline cartilage, because
in exchange with the synovial fluid it provides memts and oxygen [3].

Hyaline cartilage which is present in the jointslan the nose shows no fibres and has a
glassy appearance. Besides hyaline cartilage, wikithe most predominantly investigated
type of cartilage, there are two other types. Imparison to hyaline cartilage fibrocartilage,
which is localized at the end of the tendons agantients, has a higher content of collagen in
the extracellular matrix, and in contrast to théeotcartilage types, whose predominant
collagen is type I, it also contains considera@ounts of type | collagen in addition to type
II. Auricular cartilage is an elastic cartilage, ialh can also be found in the epiglottis. The
ECM of this third type of cartilage also contairlaséin in contrast to articular cartilage and
fibrocartilage [3, 6-9]. Cartilage tissue enginegriaims at a cartilaginous tissue mainly
composed of the ECM described above, as the ECMIrrdetes the characteristics of the
engineered cartilaginous tissue. Expansion of diomytes in 2-dimensional (2D)
environment, which is often necessary due to thdétéd number of harvestable cells, often is
accompanied by dedifferentiation. Dedifferentiaticeuses changes in gene expression of
type | and Il collagen as well as of aggrecan. €gusntly, often fibrocartilaginous tissue is
formed, which is biochemically and biomechanicalferior compared to native cartilage
[10, 11].

Chondrocytes are metabolically relatively inacti@artilage lacks innervation and vascular
supply, nevertheless chondrocytes respond to meiastimuli, growth factors and
cytokines influencing cartilage homeostasis [5]eThnction of chondrocytes depends on
their localization. Chondrocytes located in supipgrttissue, as articular cartilage or nasal
cartilage, synthesize and maintain ECM and theeetioe tissue’s function. Chondrocytes are
able to cope with conditions of low oxygen tensfmanging from 10% at the surface and 1%

in deeper zones) as the majority of the energyiredus obtained by glycolysis [8].
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After damage cartilage has a very low capacity eif-iepair, as by being avascular, thus
progenitor cells from blood or bone marrow haveawgess to the tissue [12]. Inherited,
traumatic or degenerative cartilage defects denengineered cartilage for repairing joint

defects as well as for plastic reconstruction efrtbse and the ear.

Scaffolds for Cartilage Tissue Engineering

Scaffolds are one of the key components of cadilkigsue engineering. A scaffold serves as
cell carrier and may act simultaneously also asveigl system for proteins. It provides
stability as well as the desired shape for the tissue. The scaffold can not be reduced to
being merely a mechanical support structure. Brats with the cells, bioactive molecules
and mechanical stimuli, which contribute to tissgeneration and regeneration after
implantation [13]. The desired, ideal scaffold is3alimensional (3D) highly porous and
interconnective construct, allowing for cell growttutrient supply and transport of metabolic
waste. Moreover, it is supposed to be biocompatinié bioresorbable following controlled
degradation. The chemistry of its surface shouldia cell attachment, proliferation and
differentiation. Another requirement is the meclahistability which should fit the
mechanical properties at the site of implantatibf].|

A great variety of scaffold materials has been stigated for cartilage tissue engineering
purposes [15]. The focus lay on polymeric scaffoldBrm of hydrogels, sponges or meshes.
Alginate, agarose, fibrin, collagen, chitosan, ahoitin sulphate, and gelatine are prominent
examples for applied natural polymers. Natural pays are often able to interact with cells,
but are also capable of prompting an immune respadngerior mechanical properties and
variance in enzymatic degradation are other disadgs of natural materials. In contrast to
natural polymers, one advantage of synthetic nateis that they allow a design close to the

mechanical requirements by physical and chemicalifications during synthesis [9]. Two
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Chapter 1 - Introduction

groups can be distinguished: degradable and noradalle scaffolds. As the permanence of
non-degradable materials is a great concern wigarceto their long-term effects, a lot of
efforts have been undertaken towards the developofethegradable synthetic polymers for
tissue engineering applications. For example, glalgtic acid) (PLA), poly (glycolic acid)
(PGA), as well as their copolymers poly (lacticglgeolic acid) (PLGA) are such materials

approved by the Food and Drug Administration (FIEg].

Cell Sources for Cartilage Tissue Engineering

To date several cell sources have been investigitedheir application in regenerative
medicine. Beside chondrocytes which represent tbst mbvious choice, mesenchymal stem
cells (MSC) are in focus for cartilage tissue eegiing purposes [13]. Chondrocytes have
been isolated from articular, auricular, nasoseptadostal cartilage, which are all capable of
producing cartilaginous ECM [9]. All sources havedommon that they do not render the
necessary number of cells, thus making expansicessary. Expansion of chondrocytes in
2D environment is accompanied by rapid dediffesgitn [11] thus requiring
redifferentiation, e.g., by the application of gtawactors [13]. Undifferentiated progenitor
cells possessing a multilineage potential would lgpod alternative as they are easy to obtain
and expand in vitro without loosing their ability differentiate into various mesenchymal
lineages [16]. MSC can be isolated from bone mar(BMSC), adipose tissue (ASC), the
synovial membrane or trabecular bone. Stem celtsnfrobone marrow are the best
characterized type of mesenchymal stem cells, adfhalue to the risks and pain associated
with their sampling procedure bone marrow may netthe ideal cell source for MSC.
Adipose tissue would be an attractive alternatasethe access is easy, ASC are available in
larger quantities and generally display a prolifiermand differentiation potential comparable

to that of BMSC [17]. However, with regard to ckagle engineering, it is still under
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investigation of ASC can be stimulated to match thendrogenic potential proven for

BMSC [18-22].

Growth Factors for Cartilage Tissue Engineering

Growth factors play a key role in cartilage tissmgineering, either with regard to improve
tissue quality by triggering matrix production, feasing proliferation or in (re-)
differentiation processes. They are inevitabletfa differentiation of progenitors towards a
chondrogenic phenotype. Redifferentiation of dedéhtiated chondrocytes after expansion
also demands the application of growth factors.pAsteins from the transforming growth
factorfy (TGF) superfamily are key players during cartilage depeent they are also in
the focus of the investigations concerning growdictdr application in cartilage tissue
engineering. TGP, BMPs, bFGF, and IGF-1 have been investigated peddently and
simultaneously. Beside inducing differentiation aedifferentiation or improving construct
qguality by increasing matrix production growth farst can also be used to support

proliferation of the cells [9].

Goals of the Thesis

The goals of this work were defined in major patedined by the project ‘Regenerative
Implants’ which is a cooperation of several reskagcoups from industry, hospitals and
universities supported by a grant of the Bavariaesdarch Foundation (‘Bayerische
Forschungsstiftung’) in the years 2006 to 2009cdmprised cartilage and bone tissue
engineering as well as the generation of osteodlabodnstructs. A subgroup of the research
consortium including our department aimed at theegation of an ear-shaped cartilage

construct and also participated in the generatfasteochondral constructs.
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In order to obtain cartilage in the complex shapehe human external ear, a scaffold
providing shape and stability for the growing tissigs required. In the preceding project
‘FORTEPRO’ (also supported by grants of the Bavafesearch Foundation), a system
combining the beneficial effects of soft and hardffolds had been established and the great
benefits combining long-term stable fibrin gel [28]d polycaprolactone-based polyurethane
(PU) scaffolds had been shown [24]. Followingsthaesults, this system was to be
transferred to polyurethane scaffolds in the compgleape of the external ear (Chapter 3 and
4). As an alternative system for auricular caglangineering oligo (poly (ethylene glycol)
fumarate (OPF) scaffolds, produced in the departmeere either alone or combined with
long-term stable fibrin gel, investigated with redydo cartilage development (Chapter 5).
Furthermore, the combination of long-term stablifi gel and polyurethane scaffolds was
also applied aiming at osteochondral constructaf@r 6).

The goal of attaining autologous cartilage congsrue clinically relevant size is associated
with the challenge to provide a sufficient numbércells. As mentioned above (see ‘Cell
Sources for Cartilage Tissue Engineering’), the thatious cell source is cartilage from a
non load-bearing area, from which autologous chorytes can be isolated. Due to the fact,
however, that cartilage tissue is not rich in cetlsee obtained chondrocytes have to be
expanded in vitro. In turn, the rapid proliferation 2-dimensional (2D) environment, e.g.
culture flasks, is accompanied by rapid dediffaegimin [11], thus rendering a tissue rich in
type | collagen, which is not desired for cartildgsue engineering purposes. Thus, options
for redifferentiation of dedifferentiated chondrtey have to be established to obtain cartilage
tissue employing expanded chondrocytes. Rediffexgom can be reached by application of
growth factors. One part of this work dealt witle teffect of the application of growth and
differentiation factor-5 (GDF-5), a member of theMiB subfamily, either alone or in
combination with insulin on cartilage construct lifyausing expanded chondrocytes (Chapter

7).



Chapter 1 - Introduction

A second possibility to yield a sufficient cell nber is the use of mesenchymal stem cells.
Mesenchymal stem cells from bone marrow are alr@agllydescribed and their multilineage
potential has been proven, however, their appboa associated with several disadvantages
(see above). Another emerging cell source for nesgnal stem cells is adipose tissue. It
implies the advantage of a very good accessibiiyin most cases available in sufficient
guantities and the multilineage potential of ade@tissue-derived stem cells (ASC) has also
been shown [25, 26]. Thus, here it was investigdtdte combination of GDF-5 and insulin
similarly exerts similarly advantageous chondrogegfifects on ASC as seen for expanded
chondrocytes (Chapter 7). Finally, in order to cimite to the clarification of the ongoing
debate on the utility of the different stem cellspse publications in the literature were
reviewed that directly compared BMSC and ASC wittiia same study with regard to their

differentiation potential (Chapter 8).
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Chapter 2 — Materials and Methods

Chondrocyte Isolation

Bovine Chondrocytes

Knee joints from 8-12 weeks old calves were obthifrem a local abattoir (VION EGN,
Vilshofen, Germany). Articular cartilage was attdrfrom the surface of the femoral patellar
groove. The isolated cartilage was cut into smaedtgs and kept in complete chondrocyte
medium (CCM) in petri-dishes (Corning, SchipholiRiNetherlands) until the isolation of
chondrocytes by enzymatic digestion with collagenagpe [l (Worthington, via Cell
Systems, St. Katharinen Germany). Complete chogtifanedium comprised the following
constituents: Dulbecco’s Modified Eagle’s MediubMEM) containing 4.5 g/l glucose, 584
mg/l glutamine, 10% fetal bovine serum (FBS), 5@nUpenicillin, 50 pg/ml streptomycin,
10mM HEPES, 0.1 mM non-essential amino acids ftalh Gibco-Invitrogen, Karlsruhe,
Germany), 0.4 mM proline (Sigma-Aldrich, TaufkircheGermany) and 50 pg/ml ascorbic
acid (Sigma-Aldrich, Taufkirchen, Germany). The ywnatic digestion was conducted over
night (17 hours) with collagenase type Il followbg filtration through a 149 pm filter
(Spectra Medical Industries via Novodirect, Kehl#éiRh Germany). The filtrate was
centrifuged (1200 rpm, 5 min) and washed threedimih phosphate buffered saline (PBS)
containing 50 U/ml penicillin and 50 pg/ml streptwm (Gibco-Invitrogen, Karlsruhe,
Germany) [27]. For determination of the cell numther obtained cell pellet was resuspended

in CCM and counted with a hemocytometer and anrtadegphase contrast microscope.

Human Chondrocytes

Primary human chondrocytes were isolated usinglestezchnique. Cartilage explants were
obtained from patients (age of 20 — 55 years) wualeg nasal or auricular surgery after
having given their consent (according to the apak@f the local Ethics Committee, votum

#05/169). Explants were cut into small pieces. Afiee-digestion with pronase E (Sigma-
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Aldrich, Taufkirchen, Germany) digestion of the dinpeeces was conducted over night (17
hours) with collagenase type Il (Worthington, Cgliems, St.Katharinen, Germany). The
digest was filtered through a 70 um cell strainBb (Falcod™ via Schubert & Weiss
OMNILAB GmbH & Co KG, Minchen, Germany). After ceifiigation at 1200 rpm for 5
minutes the chondrocytes were washed three timdsRBS containing containing 50 U/ml
penicillin and 50 pg/ml streptomycin. Cell numbeasamdetermined using a hemocytometer

and an inverted phase microscope.

Chondrocyte Expansion

Bovine Chondrocytes (Chapter 5, 6)

Primary chondrocytes were seeded in T15G caiture flasks (7 500 cells/ &n(Corning,
Schiphol-Rijk, Netherlands) and in complete choeggte medium over 7 days in an
incubator at 37° C, 95% humidity and 5% £@fter reaching confluency the cells were
washed with PBS and detached from the flask wiglpsin 0.25% (Gibco-Invitrogen,
Karlsruhe, Germany) (P1). After determination af tibtained cell number in passage 1 (P1),
cells were again seeded in T150%caulture flasks (7 500 cells/ én After 4 days cells

reached second confluency and were harvested psitiigation as described above.

Human Chondrocytes (Chapter 6)

For the experiments with human passage 2 (P2) cboyigs primary cells were seeded in
T75 culture flasks at a density of 7500 cells pef for expansion in 2D. After 12 days and
reaching first confluency they were washed with RBE trypsinized (trypsin 0.25% EDTA,;

Gibco-Invitrogen, Karlsruhe, Germany). In order titain passage 2 (P2) cells P1
chondrocytes were seeded again in T75 cultureSI&KLC cells per flask). After further 7

days cells were confluent and harvested for pelitre.
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In Vitro Cell Culture in 3D Environment

Chondrocyte Culture on Polyurethane (PU) Scaffolds (Chapter 3)
a) PU Discs

Polycaprolactone-based polyurethane (PU) scaffoldse manufactured as previously
described using a gas foaming process [28] andiged\by polyMaterials AG (Kaufbeuren,
Germany). If not stated otherwise, discs of 2 mmkiiess with a diameter of 5 mm were
punched out of the polyurethane scaffold (= routlises). In order to increase the wettability
of the PU scaffolds they were treated for 5 minhwathanol 70%. Afterwards ethanol was
removed by rinsing the scaffolds five times with S2BSubsequently the scaffolds were
sterilized in PBS by autoclave sterilization. Undggrile conditions scaffolds were blotted to
remove the fluid and placed in a 6-well plate faobsequent seeding with chondrocytes in
long-term stable fibrin gel [23]. After first experents, in which chondrocytes were
suspended in the fibrinogen (Fibrinogen from bovi@sma, Sigma Aldrich, Taufkirchen,
Germany) solution (100 mg/ml dissolved in Trasylol@protinin solution, Bayer,
Leverkusen, Germany), a separate study showeddonaerning cartilage development there
was no significant difference between starting watispending the cells in the fibrinogen
solution compared to suspending the chondrocytéiseiithrombin solution. As the latter had
distinct advantages during the seeding proceduarg¢he following, the chondrocytes were
suspended in the thrombin solution (5 U/ml) (kinfl fyom Baxter, Germany) by adding 20
ul of thrombin solution per 5*f0cells. Due to the volume of tlohondrocytes, which was
determined in a separate experiment, the resutteigsuspension had a concentration of
1.25*1F chondrocytes per 1 pl suspension. 20 pl of thigure were mixed with 20 pl of
fibrinogen solution. The mixture was subsequemntierted into the scaffold disc in several
portions using a 1ml syringe and a 20G needle (@Brddelsungen, Germany). The resulting
cell number per scaffold was 2.5°16ells. After gel insertion the constructs were tkap

37° C for 45 min in the incubator to allow gelatiointhe fibrin gel.
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Chapter 2 — Materials and Methods

In order to evaluate the impact of the fibrin gel oartilage development and on cell
distribution, scaffold discs were also seeded wgllondrocytes suspended in CCM. The
expected initial number of cells per scaffold was*20° cells. The distribution of the cells in
the PU scaffold disc was investigated at sevema fpoints (day 3, day 7, day 14 and day 21).
Besides, the effect of gentle agitation (50 rpm)tloa cell distribution was also analysed at
several time points (d3, d7, d14 and d21).

Then the scaffold discs were covered with 4 ml G\Cand cultured in an incubator at 37° C,
95% humidity and 5% C©Ofor 3 or 4 weeks respectively. Medium was replatiette a

week.

b) Ear-shaped PU Scaffolds

The ear-shaped scaffold was treated before seedingescribed above for the routine PU
discs. Then the ear-shaped scaffold was placadetri-dish and seeded with a nominal cell
number of 250*10 chondrocytes in 2 ml of fibrin gel. Due to theichgelation of the fibrin
gel, the gel was mixed and inserted in portiongeA#5 min of gelation in the incubator at
37° C the construct was transferred into a spiflask. The flask was filled with 120 ml
CCM supplemented with 2.5 pg/ml insulin and stireé@ speed of 50 rpm during the culture
period of 4 weeks in an incubator at 37° C, 95% iditsnand 5% CQ. Medium was replaced
thrice a week. After 28 days the ear-shaped cgeilaonstruct was harvested. Prior to

biochemical analysis respective samples were frdaed.

Chondrocyte Culture on Oligo (poly) ethylene glycol) fumarate) (OPF) Scaffolds) (Chapter 5)

a) OPF Discs

OPF hydrogels, which are based on poly (ethylepeot), were prepared as scaffolds [29] in
our group using a gas foaming technique (M. Hemkanuscript in preparation). Three

differently composed OPF hydrogel types were ingagtd. Foam 1 and foam 2 contained

2%k
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NaHCGQ; as foaming agent, whereas for foam 3 KHG@@s chosen. Foam 1 contained only
2.5% bisacrylamide, whereas foam 2 comprised 5%chiamide as stabilizing agent,
inhibiting rapid degradation. Foam 3 was stabilizyd addition of poly (ethylene glycol)
diacrylate.  After y-irradiation sterile disc-shaped OPF scaffolds wahdiameter of
approximately 9 mm and a height of approximatehgr@ were placed in a 6-well plate. 200ul
of a suspension containing 12.5%16 CCM were gently dropped onto the scaffold disc.
After 5 min of reconstitution of the OPF scaffolgenogels 7 ml of CCM were added and
constructs were cultured in an incubator at 379%% humidity and 5% Cg&for 4 weeks
respectively. In order to possibly enhance seeeifigiency as well as cell retention and
mechanical stability during the culture period Oiferogels were additionally seeded with
chondrocytes suspended in fibrin gel. In brief ahooytes were suspended in thrombin
solution (5 U/ml), 100 pl of the suspension coritajrl2.5*1@ cells were mixed with 100 pl
fibrinogen solution (100 mg/ml) and inserted irte scaffold. After leaving the constructs for
45 min in the incubator (37° C, 95% humidity and &%) for gelation of the fibrin gel,
discs were covered with 7 ml CCM. Constructs weruced in an incubator at 37° C, 95%

humidity and 5% C&for 4 weeks.

b) Ear-shaped OPF scaffolds

Ear-shaped OPF-scaffolds were prepared in our gemgprding to the preparation of the
OPF-discs but foamed in a custom-made silicone matld the shape of the human external
ear (Henke, M., manuscript in preparation). Afteirradiation, ear-shaped OPF scaffolds
were seeded with primary chondrocytes suspenddibnn gel. 1 ml thrombin solution (5
U/ml) containing 250*18 chondrocytes was mixed in portions with fibrinogesution (100
mg/ml). The construct was then placed in the intabg@7° C, 95% humidity and 5% G

for gelation of the fibrin gel for 45 min. The esttaped construct seeded with primary cells
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was pre-cultured in a petri-dish (60 ml CCM) fowgek and for further 3 weeks in a flask

(120 ml CCM) under gentle agitation. Medium wadaegd thrice a week.

Pellet Culture of Human Chondrocytes (Chapter 7)

Pellets of human chondrocytes were prepared ittbmed 96-well plates (Nunc via Fisher
Scientific GmbH, Schwerte, Germany) by pipetting02fll suspension of 2.5*10
chondrocytes in culture medium into each well amgsequent centrifugation at 1300 rpm for
5 min. After 24 hours for pellet consolidation gtbwfactors were added to the complete
chondrocyte culture medium (composition describlkedva, Chondrocyte Isolation, Bovine

Chondrocytes).

Characterization of Polyurethane Scaffolds (Chapte#)

If not stated otherwise, the polyurethane scaffolg®duced by polyMaterials AG
(Kaufbeuren, Germany) is based on polycaprolacthoe¢molecular weight of 2000) and —
triol (molecular weight of 900) in equal parts. th@rmore, scaffolds derived from
polymerisation of polycaprolactone-diol (MCI) (moidar weight of 1250) or
polyvalerolactone (MVI) on mannitol and transformedth isophorondiisocyanate or
polycaprolactone-diol polymerized on mannitol and ransformed with
hexamethylendiisocyanate (MCH) were characteribgsc-shaped routine scaffolds as well
as scaffolds in the shape of the external ear wetestigated. Seeding efficiency tests were
conducted to gain further insight in the charasters of the scaffolds. Interconnectivity and

pore structure were analyzed by scanning electicrostopy (SEM).
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Seeding Efficiency Test

For determination of seeding efficiency of routsmaffolds discs with a diameter of 5 mm
and a height of 2 mm were applied. In case of ta#falds in the shape of the external ear
samples from different representative areas #1 {F§. 1) were punched out to get an
overview of the characteristics in the differergas of the ear-shaped scaffold. The thickness
was determined and the required fibrin gel volunmal dhe respective cell number,

corresponding to the amount used for the routiaéfald discs were calculated.

Figure 1: Areas # 1 - # 6 from which discs were punched ouséeding efficiency test.

For the seeding efficiency test scaffolds were tpgated and seeded with chondrocytes
suspended in long-term stable fibrin gel as deedribbove (Chondrocyte Culture on PU
Discs). The calculated initial cell number seedadte routine discs (5 mm diameter, 2 mm
thickness) was 2.5*fells (in 40 pl fibrin gel). The seeded scaffoédples were incubated
at 37° C for 45 min to allow gelation of the fibrigel. Then the scaffold-fibrin gel
combinations were covered with 4 ml of CCM and attied over night in an incubator at 37°
C, 95% humidity and 5% COAfter 24 hours constructs were harvested. Aienaval of the
medium constructs were washed with PBS and suljeictiea digestion with papainase
solution (papain suspension, Worthington via Cefst&ms, St. Katharinen, Germany; 3.2

U/ml in buffer) overnight and determination of th&lA content, i.e. the cell number.
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Scanning Electron Microscopy (SEM)

Scanning electron microscopy providing a deepeglmsnto the structure of the scaffold was
applied for further characterization. For this mse scaffold discs with a diameter of 5 mm
were punched out of the ear-shaped scaffold (#deé,Fig. 1). Similarly discs from round
scaffolds were prepared with a thickness of 2 mohadiameter of 5 mm. Then discs were
mounted on aluminium stubs applying a conductivdaa tape (Leitabs, Plannet GmbH,
Germany) and coated with gold by sputtering fomres for 20 seconds (SEM autocoating
Unit E5200, Polaron Equipment LTD, UK). Investigati of pore structure and

interconnectivity was conducted using a JSM 840usicey electron microscope (Jeol, Japan).

Towards Osteochondral Constructs (Chapter 6)

Sl ective Seeding Procedure

For osteochondral constructs bilayered scaffoldf widiameter of 9 mm comprising a PU
part (4 mm thickness) supposed for cartilage emging and a hydroxyapatite-based
composite part (2 mm thickness, 9 mm diameter) Hone culture were provided by
polyMaterials (Kaufbeuren, Germany) in cooperatiofth the Friedrich-Baur-Institute
(Bayreuth, Germany). Two types of bilayered scafolere distinguished. For one type of
bilayered scaffolds, the composite part was plotted membrane, which covered the surface
of the PU scaffold and which was introduced dutimg scaffold production process (“with
membrane”). The second type was fabricated byiptpthe composite-part directly on the
open pores of the PU-part (“open”).

First fibrin gel [23] with bromophenolblue (Servaleidelberg, Germany) was injected
radially and selectively into the PU part of théapered scaffold combination (Figure 2) with

a syringe to establish the insertion technique. @s$tablished procedure was then applied to
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seed the PU part of the bilayered scaffold comimnawith 16.5*10 chondrocytes suspended

in fibrin gel. Constructs were held in cell cultdog 3 weeks.

injection of
fibrin gel

Figure 2: Selective gel insertion in PU part of scaffold cémalbion

According to the results (c.f. Chapter 6), in sujpsnt experiment, the PU part was reduced
to 2 mm thickness. Consequently, the cell number also distinctly reduced, as compared to
the preceding experiment. Moreover, to optimizedelity of the seeding procedure and to
avoid insertion of fibrin gel with chondrocytes time composite part, only 80% of the fibrin
gel containing the cells (i.e. 3.7*16hondrocytes per construct) was selectively iej@dnto
the PU part of the scaffold combination.

In the following experiments the composite part wéscked during the seeding procedure
with a thermo-reversible gelatine gel to increaskedivity in seeding, i.e. to ensure that
exclusively the PU part was seeded with chondracyide thermo-reversible gelatine gel
described by Joly-Duhamel [30] was modified fosthurpose. In brief, 1.12 g gelatine (from
bovine skin, Sigma-Aldrich, Taufkirchen, Germanygre dissolved in 25 ml of a saccharose
solution (64 g saccharose dissolved in 36 g Miligowater, 30 g of this syrup was diluted
with 70 g Millipore water) at 50° C. Then the temgzk (50° C) gelatine solution was
subjected to sterile-filtration. 100 ul of the gela solution were inserted in the composite
part of the combination scaffolds. The bilayeredffedds were pre-treated with ethanol 70%

for 5 min, then rinsed 5 times with PBS and steedi by autoclave sterilization beforehand.
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The constructs were kept at 4°C over night in 6hpites. The PU part was seeded with
3.7*1(° cells suspended in 102 pl fibrin gel. During gefatof the fibrin gel in the incubator
at 37° C for 45 min, the gelatine simultaneouslgamee fluid again and could be removed by
washing with PBS. Then the constructs were coverghl 7 ml CCM. After 24 h the cell
number was determined in the PU as well as in thaposite part to analyze seeding
selectivity. Cartilage development and cell digitibn were also evaluated after 1 week in

culture.

Cartilage-Bone Co-Culture

For the first actual co-culture combination scaffolvith a PU part of 4 mm thickness and a
diameter of 9 mm were applied. They were seeded etibndrocytes in fibrin gel (16.5*10
cells per construct) and after 1 week pre-cultoratin CCM the composite part of the
scaffolds was seeded with GFP-labelled bone-madenved stem cells (BMSC). Constructs
seeded with chondrocytes only served as contraérA& days, constructs were harvested for
determination of cell viability and cell distribati (Cooperation with research group Prof.
Matthias Schieker, LMU Munich, Germany, BMSC segdiand viability testing was
performed at the LMU).

The second attempt towards cartilage-bone co-&ulvas conducted applying the modified
system. Combination scaffolds with a PU part witle reduced thickness of 2 mm were
seeded with fibrin gel with a distinctly reducedl ceoncentration, i.e. 3.7*f0cells per
construct while the composite part was blocked wiith thermo-reversible gelatine gel as
described above. After 1 week of pre-culture, cmcés were seeded with GFP-labelled
BMSC. After 3 days constructs were harvested fderd@&nation of cell viability and cell

distribution.
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Effect of Growth and Differentiation Factor-5 (GDF-5) and Insulin on Expanded

Chondrocytes (Chapter 7)

Bovine Chondrocytesin Fibrin Gel

For the preparation of fibrin gels seeded with exjeal (P2) bovine chondrocytes, the cells
were isolated, expanded and harvested as des@atimae with some modifications. In order
to investigate the influence of the applicatiorgodwth factors during the expansion process
on the capability of redifferentiation in subsequ&®D culture in fibrin gel [23] three
experimental groups were created. The control grixyp: CTR) was expanded without
protein supplementation of CCM, the other two gsuwpere expanded either in CCM
supplemented with HUGDF-5 (kindly supplied by Biapi, Heidelberg, Germany) at a
concentration of 0.1 pg/ml (Exp: G 0.1) or in CCMpplemented with HUGDF-5 at a
concentration of 0.1 pg/ml in combination with 2.§/ml insulin (Sanofi-Aventis, Frankfurt/
Main, Germany) (Exp: G 0.1+l). After reaching sedaonfluency (passage 2) cells were
harvested for fibrin gel culture.

5+10° passage 2 (P2) chondrocytes were suspended ihf@Dipogen solution (100 mg/ml).
20 pl of this suspension (containing 2.5%ihondrocytes, due to the volume of the cells)
were pipetted into a silanized glass ring placéhatbottom of a 6-well culture plate. Then
20ul of thrombin (5 U/ml) solution were added anenigy mixed with the fibrinogen
component. After 45 min for gelation at 37° C tl&sg ring was removed and the fibrin gels
were covered with 4 ml of CCM. Each of the threeups was sub-divided into three groups
(Fig. 3). The fibrin gels were cultured either iongplete chondrocyte medium (CTR) or
complete chondrocyte medium supplemented with OQydmpi HUGDF-5 (G 0.1) or the
combination of HUGDF-5 0.1 pg/ml and insulin 2.5mb(G 0.1+I) for 21 days. Medium

was changed thrice a week. After 21 days in cultmestructs were weighed, cut into two
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halves, one for histological examination one foochiemical analysis. The samples for

biochemical analysis were freeze-dried prior taedtgn.

. primary chondrocytes

Pll
expansion
pzl

— = =

Exp: CTR Exp: G 0.1 Exp: G 0.1+]
CTR t\h CTR t\h CTR i\h
co1(J co1(J GOlEj
Gco1+ [ o1+ () Gco1+ [ J

Figure 3: Experimental design of the investigation of theeeffof GDF-5 application in combination with

insulin during expansion on the subsequent rediffgation in fibrin gel

Human Chondrocytesin Pellet Culture

Pellets of human chondrocytes were prepared iottbmed 96-well plates (Nunc via Fisher
Scientific GmbH, Schwerte, Germany) by pipetting02Qll suspension of 2.5*10
chondrocytes in culture medium into each well amagsequent centrifugation at 1300 rpm for
5 min. After 24 hours for pellet consolidation gtbwfactors were added to the culture
medium (CCM) (composition described above) contgnl0% FBS and from then on the
pellets received growth factor supplemented cultaeglium with each change of medium.
Due to the results with bovine chondrocytes insulas applied at 2.5 pg/ml (I 2.5), HUGDF-
5at 0.1 pg/ml (G 0.1) and HUGDF-5 at 0.1ug/ml corad with insulin at 2.5 pg/ml (G 0.1
+I). Control constructs received medium without wgifo factor supplementation, but with

addition of the equal volume of the dilution buftesed as solvent for HUGDF-5 and insulin.
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Effect of GDF-5 and Insulin on Chondrogenic Differatiation of Adipose - Derived Stem

Cells (ASC) (Chapter 7)

Human adipose - derived stem cells (ASC) (Promol, Gdéidelberg, Germany) were
expanded up to passage 3 in MSC growth medium (@©etl, Heidelberg, Germany). Then
they were further expanded up to passage 6 in CCM.

After reaching confluency for thé"@ime (P6), cells were harvested for pellet cultusiter
detachment with trypsin cells were counted and @b®f the cell suspension containing
2.5*10° cells were pipetted into wells of V-bottomed 96Hwates. Pellets were formed by
centrifugation at 1300 rpm for 10 min. After 8 heumcubation for pellet consolidation 75 pl
of the medium were removed, followed by additioril@b pl growth factor containing CCM
with the following final concentrations in the weld (CTR), 2.5 pg/ml insulin (I 2.5),
0.1pg/ml HUGDF-5 (G 0.1), 2.5 pg/ml insulin and @d@¢/ml HUGDF-5 (G 0.1 +I). Pellets
were cultured for 21 days in an incubator at 3798% humidity and 5% C©OMedium was
changed thrice a week. Constructs were harvestedbfochemical and histological

assessment.

Biochemical Analysis of Engineered Tissue

Biochemical analysis of engineered constructs waslgcted as previously described [24].
With the exception of pellets, constructs wereintd half after determination of wet weight
(WW). In the case of pellet culture three pelletach group were pooled for biochemical
analysis. One half of the constructs or three pbglellets respectively were digested with
papainase solution (3.2 U/ml in buffer) over nigi6 hours) at 60°C for subsequent
determination of cell number, sulphated glycosamgiyean (GAG) content and collagen

content. The cell number was calculated from theADféntent which was determined by a
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fluorometrical assay using Hoechst 33258 dye (RPadyses, Warrington, PA, USA) [31].
The content of GAG was assessed spectrophotoniBtricafter reaction with

dimethylmethylenblue (Sigma Aldrich, Taufkirchengm@any) at 525 nm as chondroitin
sulphate (ICN, Aurora, Ohio, USA) [32, 33]. The hyxlyproline content was determined
after acid hydrolysis and reaction with chloraminéMerck, Darmstadt, Germany) and p-
dimethylaminobenzaldehyde spectrophotometricallyp®Inm [34]. In order to obtain the

total amount of collagen a hydroxyproline to codlagatio of 1:10 was applied [35].

Histochemical and Immunohistochemical Analysis of Bgineered Tissue

Histological samples were fixed with 2% glutaralged (15-30 min, dependent on construct
characteristics) and stored in 10% formalin (botbmf Merck, Darmstadt, Germany).
Formalin-fixed samples were then embedded into ffparand cross-sectioned into 5um
slices. The cross-sections were then stained vatrarsin-O, fast green and haematoxylin
[36].

For immunohistochemistry the cross-sections wepaddfinized before staining. The slides
were incubated overnight with primary antibody $iolu dissolved at a ratio of 1:500 for type
| collagen antibody (col-1) (Sigma-Aldrich, Taufiiren, Germany) and 1:25 for type I
collagen antibody (CIIC1) (DSHB, University of lowblSA) followed by incubation with
secondary biotinylated antibody and subsequentlth vatreptavidin-HRP (both Dako,
Hamburg, Germany). Staining was performed with-B&iminobenzidine Enhanced Liquid
Substrate System (Sigma-Aldrich, Taufkirchen, GeryjaNuclei were counterstained with

Weigert's haematoxylin.

3k



Chapter 2 — Materials and Methods

Quantitative Real-Time Reverse Transcriptase Polynrase Chain Reaction

Pellets of expanded human chondrocytes were seljdot RT-PCR. RNA extraction was
conducted using RNeasy Mini Kit (Qiagen, Hilden, r@any) in accordance to the
manufacturer's protocol. Superscript Il (InvitrogeRarlsruhe, Germany) was applied for
synthesis of cDNA in the presence of oligo-dt prispeucleotides and ribonuclease inhibitor
(Invitrogen, Karlsruhe, Germany).

Quantitative real-time RT PCR was performed witatiRum Sybr Green gPCR Supermix
(Invitrogen, Karlsruhe, Germany) with ABI Prism TDQApplied Biosciences, Darmstadt,
Germany). Glyceraldehyde phosphate dehydrogenagd’E) served as housekeeping
gene. Expression levels of the target genes wemmalzed to GAPDH. Expression levels
were also normalized to levels of the control sastet as 100%). Sequences of the applied

primers are given in Table 1.

Primer  Sequence

GAPDH fw: 5’- gaa ggt gaa ggt cgg agt ¢ -3’
rv: 5’- gaa gat ggt gat ggg att tc — 3’

Collal fw:5-agg gcc aag acg aag aca tc -3’

rv: 5’ - aga tca cgt cat cgc aca aca — 3’

Col2al fw: 5'- ttc agc tat gga gat gac aat c -3’

rv: 5’ - aga gtc cta gag tga ctg ag — 3’

Table 1: Sequences of the primers applied for RT-PCR
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Statistical Evaluation

The obtained data were analyzed using ANOVA (ong waalysis of Variance) with
subsequent Tukey test to determine statisticalfssgnces using SigmaStat 3.5 for Windows.
In case of failure of the normality test analysisrariance on ranks was conducted (Kruskal

Wallis analysis of variance on ranks indicatedWwith subsequent Tukey test).
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Chapter 3

Chondrocyte Cell Culture Combining Polyurethane

Scaffolds and Fibrin Gel for Auricular Reconstruction

(Manuscript in preparation, c.f. Appendices, Pudilmns to be submitted)
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Introduction

The external ear is one of the most complex 3-dsieral (3D) structures of the external
body [37] and consists of three major componehts hielix-antihelical complex, the conchal
and the lobule. The 3D shape of the external eamaisitained by auricular cartilage, which is
constituted by elastic cartilage [38]. Loss of aular cartilage due to trauma, tumour
resection or congenital defect is a major challengecraniofacial surgery [1, 2]. The
incidence of microtia is 100 to 150 cases per yedsermany [39]. There is no universally
accepted classification of the severity of microtla commonly applied system was
introduced by Tanzer and modified by Aguilar andtidguishes three grades of severity.
Grade | is characterized by a slightly smaller tharmal ear with basically normal features.
A rudimentary and malformed auricle, which howegtmplays some noticeable components,
is classified as grade Il. Grade lll describes wessdy reduced ear with a small clot of
malformed tissue and anotia [37]. The most prevblapplied therapeutical method is costal
cartilage graft reconstruction, which was estalelisbnd described by Nagata and Brent [40].
Temporoparietal fascia flap, alloplastic implantsd ahe combination thereof as well as
prosthetic aids are further options for the treatihoé microtia. All of the mentioned methods,
however, are associated with certain disadvant&msonstruction by costal grafts on the one
hand is reproducible if conducted by an experienskiled surgeon, but on the other hand
requires multiple surgical procedures and cause®rdsite morbidity, as visible chest wall
deformities [37]. Using the temporoparietal fagsia procedure requiring special precaution.
Alloplastic implants made of silicone or polypropgk are easily available, inherently stable,
but also bear the risk of infection, extrusion, doimpatibility and uncertain long-term
stability [41]. Prosthetic aids have not been taed and accepted very well in the past due to
problems like skin irritation, change of the colairthe prosthesis over time. Consequently,

established surgical methods for the reconstruabiothe external ear applying autogenous
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tissue represent the state of the art. Cosmetidtsefiowever, are often unsatisfactory. Thus,
tissue engineering is considered to be a promigitgrnative. For less complex shapes,
engineering neocartilage applying scaffolds andndnacytes has already been established
using various scaffold materials. Here, the goatoiscreate an individual, aesthetic and
autologous ear-shaped cartilage construct for tievidual patient. This implicates the
creation of a custom-made scaffold using the pasidrealthy ear as a model, which is seeded
with autologous chondrocytes, pre-cultured in vanal then transplanted.

Rapid prototyping offers the opportunity to generaven complex, individual scaffolds for
tissue engineering purposes [42—44]. Data needethéofabrication of a custom-made mold
in the shape of the human external ear can be @chhy imaging techniques like computer
tomography (CT). Further data processing and caimwerpermits the production of the
silicone mold through computer aided design (CADYH aomputer aided manufacturing
(CAM). In the presented study, a silicone mold waanufactured in a two-step process
starting with the generation of a positive usirgyaslithography and subsequent generation of
the silicone mold as negative. Subsequently, theose mould was used for the production
of the scaffolds.

Porous scaffolds are a key-component in cartilaggu¢ engineering. Scaffolds have to
comply with various requirements. They serve apaces-filling material and provide the
three-dimensional shape for the desired enginessde as well as retention of the newly
synthesized extracellular matrix. For tissue engjiimg approaches, soft hydrogels as well as
sponge-like porous scaffolds are applied. Hydrogedsdirectly injectable into the defect and
are easy to prepare, but often lack the mechastahllity and are not forming. The forming
characteristic is one of the great advantages obysoscaffold materials, besides their
mechanical stability.

Polymers widely used for the preparation of porossaffolds are, for example

polhydroxyacids, polylactides or polyglycolides.eBle materials support cell attachment as
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well as proliferation, but are on the other handrabterized by limited elasticity and
deformability. The latter characteristics, howewe considered to be of great importance for
scaffolds applied for cartilage tissue engineeriBtastomeric polyurethanes have gained
increasing interest as an alternative material tdutheir molecular stability in vivo and in
case of the biodegradable polyurethanes due tondimetoxic degradation products [45].
Moreover, they have been used in many implantadkecds in clinical application [24].
Previously, the benefit of combining a hydrogel anghorous scaffold thus exploiting the
inherent advantages of each scaffold type was dstraded in the group [24]. Fibrin gel was
chosen as hydrogel and polycaprolactone based netihyane scaffolds [28] as mechanically
stable component. Being physiological fibrin geledonot raise questions concerning
biocompatibility. In combination with the porousadiold, it provides a good retention of the
cells as well as of the produced new extracellatatrix. It has also been reported that
chondrocytes retain their round morphology and db dedifferentiate when embedded in
fibrin gel. It also allows cell migration within ¢hscaffold [46].

In this study, the PU-fibrin system was utilized tbe generation of engineered complex
cartilage constructs. Before generation of an bapsd cartilage construct, the impact on
cartilage development of suspending the cells entiinombin or in the fibrinogen component
when preparing the fibrin gel was investigated. écad experiment was conducted to
enlighten the role of the fibrin gel on cell dibution and cartilage development in the
polyurethane scaffold by directly seeding PU sddfowithout fibrin gel. Ear-shaped
scaffolds (polyMaterials AG, Kaufbeuren, Germanygrav manufactured in silicone molds
produced by rapid prototyping techniques (KL Tekh#irailing, Germany).

Then the established concept of combining fibrih ayed PU scaffolds for cartilage tissue
engineering was transferred to the complex eareshaPU scaffolds using bovine

chondrocytes and a first prototype of ear-shapeilage was analyzed.
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Results

Comparison of Two Seeding Procedures

The fibrinogen solution used in forming the fibgels is comparatively highly viscous. By
suspending the chondrocytes in the fibrinogen swiutthe viscosity is even increased
making its handling difficult. Thus, the seeding@gedure may be improved by suspending
the chondrocytes in the thrombin solution, the ott@mponent in fibrin gel formation. In
order to guarantee reproducibility of the resultsoaparison between the two methods was
conducted. Comparing wet weight and cell numbdyath groups after 21 days showed only
a slightly higher wet weight and cell number fore tigroup seeded with chondrocytes
suspended in the thrombin solution before mixturéh whe fibrinogen component and
insertion into the scaffold discs (Fig. 4A-C). Cualesing the content of extracellular matrix
(ECM) (Fig. 4D,E,H,l) and the activity in syntheisig extracellular matrix components, i.e.
glycosaminoglycans (Fig. 4F) and collagen (Fig. 4fgre was no detectable difference
between the two methods.

Glycosaminoglycan (GAG) distribution was determinggd staining cross-sections of both
groups with safranin-O. After 21 days in cultuahbgroups exhibited substantial amounts of
GAG homogenously distributed in the construct, ¢atikd by an intense and evenly
distributed red staining without a subtle distiontbetween the two experimental groups (Fig.

5).
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Figure 4 (p. 40): Wet weight (A), cell number (B-C), GAG-content ([:F, and collagen content (E,G,l) of
cartilage constructs after 21 days of culture. £éfl F: chondrocytes were suspended in the fibenog
component before mixture with thrombin solution aubsequent insertion into the polyurethane sahfficdc;
Cells in T: chondrocytes were suspended in throrsbintion before mixture with fibrinogen componemd
following insertion into the polyurethane scaffaltsc. Data represents the average + SD of fourpedéent

constructs.

A:cellsinF B:cellsinT

Figure 5: Glycosaminoglycan (GAG) distribution in cross-sens of cell-fibrin-PU scaffold constructs after 21
days in culture. GAG was stained red with safradinCells in F: chondrocytes were suspended inrfdgén
component before mixture with thrombin solution aubsequent insertion into the polyurethane sahfficdc;
cells in T: chondrocytes were suspended in thronsbiation before mixture with fibrinogen componemtd

following insertion into the polyurethane scaffaligc.

Consequently, for further experiments the proceawas adjusted and the chondrocytes were
suspended in the thrombin solution before mixturghwhe fibrinogen solution and
subsequent insertion into the scaffold, as thenthio solution displayed a comparatively
lower viscosity. Thus, the suspension of chondmegyh the thrombin solution was much

easier to process in the seeding procedure.
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Influence of the Fibrin Gel on Cell Distribution and Development of Cartilage Tissue within

PU Scaffolds

In a second experiment, the role of the fibrin gaiticularly on cell distribution within the
PU scaffold discs was investigated by seeding thestcucts without fibrin gel and
subsequent comparison with the results obtainetyiagpthe combination of fibrin gel and
PU scaffolds (see Figs. 4 & 5). The wet weight waseased over the 21 days in culture (Fig.
6A). For seeding without fibrin gel, the extraoraliy high standard deviation on day 3,
regarding the mean of the wet weight as well ashef cell number, indicated a low
reproducibility of the seeding procedure withouwt fixation of the cells in the scaffold with
the fibrin gel (Fig. 6A-C). Cell number on day 3 l&ar behind the expected cell number, as
initially 2.5*10° chondrocytes were applied for each scaffold. Frey 7 onwards cell
number increased (Fig. 6B). Matrix content, i.gi«cgsaminoglycans (GAG) per wet weight
(Fig. 6D) and collagen per wet weight (Fig. 6E)oaincreased during the culture period.
GAG production (GAG/ cell [ng]) reached already lat@au on day 7, collagen production
(collagen/ cell [ng]) on day 14, hence further ease in matrix was due to proliferation of the
cells (Fig. 6F,G). Total GAG and collagen, howessgended over the entire culture period
(Fig. 6H,1).

For the purpose of visualization of cell distrilauti within the pores cross-sections were
stained with haematoxylin/ eosin (H&E). In orderainalyze the development and location of
GAG in the constructs, cross-sections were sulijectsafranin-O staining. H&E staining of
the cross-sections showed a relatively high cethimer at the walls of the pores from the
beginning of the culture period onwards. This pmeeoon was ascribable to the adherence of
the cells to the walls during the seeding proc@ser the culture period the pores were filled
with cells and matrix, with a lower cell densitycéded towards the centre of the scaffold.

Remarkably, the structure resembled the zonal arghon observed in native cartilage.

42



Chapter 3 — Chondrocyte Cell Culture Applying Plaf&ads for Auricular Reconstruction

g

[Bw] yBram jam

d21

d14

d7

|

& & & &

o 9 ° o
— g . S S - *

o - - -

P

(1]

T T T T T T
¥ 2 3 2 3 g 3 < o © 8 @ % o 38 2 8 2 F g TR TR
[Buy 1] wbBiem jem Jequinu |20 m [o2] B ram 1am juabe|oo [Bu] 190 juabejjoo - [Bw] 1onasuoo jushie) oo

o - -
8 B 5 9
=+ <« o
— - o —
L Pra
- o
t t | | t -
M M m m = M o o a O o O O g ;o o n o w g T e s R - R VI =
T S - E = M M M Ok M M e A - A - - - =
[onw] saquinu a0 &
a [e¢] 1uBram em owe [6u] 1192 rovD us [Bw]ongsuos jove

43



Chapter 3 — Chondrocyte Cell Culture Applying Plaf&ads for Auricular Reconstruction

Figure 6 (p. 43): Wet weight (A), cell number (B,C), GAG content ([Hf}, and collagen content (E,G,I) of
cell-PU scaffolds on d3, d7, d14 and d21 of cultibata represents the average + SD of three indigmen

constructs

d3 d7

dl4 dz2l

Figure 7: Upper rows: Haematoxylin/Eosin staining of the euclounterstained with eosin (blue coloured) of
the cross-sections of the polyurethane scaffoldsdiirectly seeded with chondrocytes on day 3 @&y,7 (d7),
day 14 (d14) and day 21 (d21). Lower rows: Glycdsaglycan (GAG) distribution in cross-sections of

polyurethane scaffold discs seeded with chondrec3&\G was stained with safranin-O.
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Safranin-O stained cross-sections displayed a kiemgogenous and intense red staining of
GAG already on day 3, indicating an early startcaftilaginous matrix production, and
development of a homogenous cartilaginous constrvet the culture period of 21 days (Fig.
7). Comparing the stained cross-sections of diseslesd with chondrocytes suspended in
CCM (Fig. 7), and those seeded with chondrocytespesuded in fibrin gel (Fig. 5), cell

distribution was significantly more homogenous whsmg fibrin gel.

Ear-Shaped Cartilage Constructs Combining Fibrin Gel and PU Scaffolds

Due to the easier processing using the thrombiatisol to suspend the cells with given
comparability of the results to those of the oragimethod (see above), the modified method
was applied for seeding the ear-shaped PU scaffold.

Figure 8 shows the ear-shaped construct obtaingat 38 days in culture. Macroscopic
inspection of the yielded cartilage construct ssgem that it contained a relatively high

amount of culture medium, indicated by the red gnlo

day 28

Figure 8: Development of an ear-shaped cartilage construiter Aeeding it was cultured in a custom-made

bioreactor and harvested after 28 days in culture.
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Figure 9: Section planes and localization of the samplesntgke biochemical and histological analysis to
obtain a comprehensive analysis of the developroéetrtilage tissue covering the whole construttra®8

days in culture.

In order to facilitate a comprehensive analysistted whole construct with high spatial
resolution, samples (# 1 — 7) were punched out fvanous section planes of the ear-shaped
construct (Fig. 9) for biochemical and histologiaahlysis.

Due to the fact that the discs obtained from thresbaped cartilage for biochemical analysis
had a slightly smaller diameter (3 mm) than thetineudiscs, which served as a control
(CTR), and furthermore differed in thickness depegdn their location in the ear-shaped
construct, wet weight could not really be compated). 10A). The cell number per wet
weight was much smaller in the samples derived ftbm ear than in the control group
(CTR). The same applied to the content of glycasaglycans and collagen per wet weight
(Fig. 10C, E). This was plausible considering tbenparatively low cell number in the ear-
shaped construct. Regarding GAG production per, teivever, the performance of the

chondrocytes in the ear-shaped construct reachedebcomparable to the chondrocytes in
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the control discs (Fig. 10D). The collagen produttihowever, expressed as collagen [ng]
per cell was also remarkably lower in the sampleth® ear-shaped construct in comparison
with the control group (CTR) (Fig. 10F).

In accordance with the results of the biochemicallysis, glycosaminoglycan distribution in

the cross-sections was neither coherent nor honoogerSingle cells or conglomerates of
some chondrocytes embedded in cartilaginous mawoidd be detected in every section
plane, but without forming a coherent cartilagincosstruct, whereas in the control discs an
intense and homogenous safranin-O staining thrautgtiee pores of the routine disc was

detected indicating production of a coherent aageltissue (Fig. 11).
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Figure 10: Wet weight (A), cell number (B), GAG content (C-@nd collagen content (E-F) of samples taken
from representative section planes (1-7) of theskaped construct after 28 days in culture. Rowigupethane
scaffold discs seeded with chondrocytes in fibehsgrved as control (CTR). CTR: Data represdmsaterage
+ SD of three independent samples. Samples fronedineData represents the average of two or ttaemles
from the respective section plane with the exceptid section plane # 3, where only 1 sample cowd b

obtained; error bars represent the minimum and maxi values.
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Figure 11: Glycosaminoglycan (GAG) distribution in cross-sent of discs punched out of the representative
sections indicated in figure 9 and of control dif€IR) of round-shaped routine polyurethane scd§oGAG

was stained red with safranin-O.
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Discussion

The first experiment evidenced that it was irrefeéviar the development of cartilage tissue, if
the chondrocytes were suspended in the fibrinogen the thrombin solution before mixture
with the respective second component and subsedgujention of the mixture into the PU
scaffold. The great benefit of the adjustment af firocedure, i.e., using the thrombin
solution for suspending the cells, was an easmrgssing leading to a more robust procedure.
A comparison with the previous procedure demoredrab difference in outcome (Figs. 4 &
5) and guaranteed comparability with the experim@néviously conducted in the group.

In the second experiment, in which PU scaffoldsenszeded without fibrin gel, the role of
the fibrin gel with respect to cell distributiondastructure of the engineered cartilage tissue
was enlightened. In comparison with the tissue ldgwveent and yielded cell numbers in the
first experiment, the great advantage of combirfibgn gel and PU scaffold for cartilage
tissue engineering became evident in terms of hightention of chondrocytes and newly
synthesized extracellular matrix (Figs. 4 & 5 imgmarison with Figs. 6 & 7). Another aspect
is the homogeneity of cell and matrix distributishich was given to a high extent when
combining fibrin gel and PU scaffold, whereas wiseeding the scaffold with a suspension
of chondrocytes in culture medium, cells were fotoadadhere basically to the wall of the
pores of the scaffold. Over time the highest cotred¢ion of cells remained at the walls of the
pores, whereas approaching the centre the densityeased (Fig. 7). Interestingly, this
rendered a structure highly resembling the zorralkcgire displayed in native cartilage [4].
Even though the zonal organization was not intenidethis approach towards auricular
cartilage engineering, the possibility to mimic aborganization implies options for further
research towards designing cartilage constructsichwimay also be used for studies

investigating cartilage physiology. Another apptoaescribed in literature tried to obtain a
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zonal organization by application of bilayered mipatlymerized hydrogels, which was used
to investigate the effect of the zonal organizabarthe properties of the yielded tissue [47].
After optimization in terms of handling of the comdtion of polyurethane scaffold and fibrin
gel the system was transferred to the complex 30ctsire of the human external ear. In
previous studies, other groups also approachecsécwtion of the external ear by tissue
engineering methods. One group also suspendedtmeiocytes in fibrin gel, but instead of
the porous scaffold the gel was put between twerkayf Iyophilized perichondrium [48].
Another group used bioresorbable PGLA-PLLA polymeaffolds which were seeded with
human nasal septal chondrocytes suspended in fietinThis approach rendered solid tissue
and substantial neo-cartilage formation with thespnce of cartilage specific matrix
components after 6 weeks of pre-culture in vitrd anbsequent in vivo implantation for 6-12
weeks [49]. Another possibility was representedubing an ear model, produced by using
clay modelling, to produce ear-shaped scaffoldBGA (poly (glycolic acid)), PCL (polysf
caprolactone)) and P-4HB (poly (4-hydroxybutyraté)) culture of chondrocytes isolated
from adult sheep ears [41]. Liu et al also emplo@AD/CAM to engineer a human ear-
shaped cartilage construct. PGA scaffolds coateith WLA to enhance stability of the
scaffold were seeded with chondrocytes isolateoh fn@wborn articular swine cartilage [50].
None of these studies provided a comprehensiveysinabf the whole construct with high
spatial resolution in contrast to the investigatignesented here. Analyzing samples from
different representative parts of the ear-shapetlaginous construct allows to judge, if
cartilage tissue is really coherent and homogenBughermore with the exemption of the
scaffolds applied by Liu et al., the ear-shapedfsics applied were very simple and crude in
shape. They only resemble the human external earare not shaped with the individual
details of the patient. Liu et al. also applied QATAM to produce the ear-shaped scaffold.
Within this study, although in the generated eapsld cartilage construct cartilaginous ECM

could be detected to some extent throughout thstaast (Fig. 11), particularly section plane
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1, 3 and 5 a coherent cartilage construct was wohteaed in this prototype. Further
experiments have to be conducted to elucidate #asons for the not yet satisfying
development of cartilaginous tissue. Pore size mmterconnectivity of the scaffold are
particularly crucial parameters in cartilage engieg. First of all seeding efficiency may be
compromised by an unfavourable pore structure hdf seeding efficiency is too low, a
comparably low number of chondrocytes affectingssgjuent tissue development. But ECM
formation and generation of a coherent cartilagintssue can also be directly negatively
affected by a too low pore size and interconnetgtiverad et al., for instance, showed that
decreasing pore size did not improve phenotypeessimn and cartilaginous matrix synthesis
of incorporated chondrocytes, but rather restrictettient supply [51]. A careful analysis of
the scaffold used in this study with special attantpaid to its pres structure appears
inevitable. This may then facilitate rational chasgin the polymer composition of the

scaffold and the optimization of the scaffold prolon process.
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Chapter 4

Characterization of Polyurethane Scaffolds for Aurcular

Reconstruction
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Introduction

In Chapter 3, engineering of an ear-shaped cagtianstruct applying the combination of
fibrin gel and ear-shaped PU scaffolds was desdramel the results of the first prototype are
given and discussed. As this prototype turned @betvery promising, but did not display the
development of a really coherent cartilage constituere possible reasons were investigated
in order to allow for optimization. First the sawgl efficiency had to be determined and
compared to round routine discs. A low seedingcedficy would lead to a low amount of
total matrix synthesized in the whole construct daea low number of chondrocytes
synthesizing extracellular matrix (ECM) componentoreover, the scaffolds had to be
further characterized as pore size and intercoiviggcthave a great impact on seeding
efficiency, nutritive supply and retention of thewly synthesized matrix. Highly porous
polymeric scaffolds are sometimes associated wWighproblem of low retention of the newly
synthesized extracellular matrix, especially wheechanic stress is applied. On the other
hand, a large pore size and an interconnective gtoueture are required to ensure adequate
access to nutrients. Pore size and interconnectang, thus, crucial characteristics of the
scaffold. In order to enlighten the impact of psie on the yielded quality of the
cartilaginous construct Grad et al. studied cayéildevelopment in polyurethane scaffolds of
three different pore sizes. This study clearly emiced that decreasing pore size restricted
nutrient supply without having any positive eff¢gll]. Here, scanning electron microscopy
(SEM) and seeding efficiency testing were doneharacterize the ear-shaped PU scaffolds

with spatial resolution.
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Results

Several ear-shaped scaffolds with slight variationgolymer composition (all manufactured

by polyMaterials AG, Kaufbeuren, Germany) were stigated with regard to seeding

efficiency and pore structure. As the results waxg similar, here one example is shown in
detail. Ear 7 (internal number) was an ear-shajpéglipethane scaffold of the mannitol-based
MVI-type. For cell seeding experiments, disc-shagaahples were punched out from various
section planes of the ear-shaped construct. Theseetling efficiency was determined to be
very poor, with on average less than 30% of thereteally possible 2.5*1%xells within the

construct.

section planes for SEM analysis

1 2 ' 3

Ho13

Figure 12: SEM analysis of ear-shaped polyurethane scaffoMdI(type, ear 7).
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The unsatisfying results in the seeding efficietest could be well correlated to SEM images
revealing clear deficits in terms of interconnetyivfor the tested material (Fig. 12).
Nevertheless, the SEM images displayed that the gimucture was homogenous throughout

the whole ear-shaped polyurethane scaffold (Fiy. 12

g

Boga KU ALT Inn HO44 8034 SKU K15 Inm HD44 #3838 5K ®15  1nw WD39

108Kn HD44 8010 SKU X196 1BEew HDIS

#8312 GKY RS 13 kY Bl an HD32 kY ®13 Inn WD

%186 163pn UDI3 8318 SKU X166 108en UD33 SKU %160 189pn WD3

Figure 11: FurtherSEM images from representative parts of an earesh®W scaffold.

In order to facilitate a deeper insight in the staue of the pores, representative images were
obtained in different magnifications (Fig. 13). Ttegger magnifications revealed that the

pores are either connected by very small holesoorptetely unconnected. Only two out of
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six samples (sample # 4 and # 5) showed interconeepores, whereas the exposure of
sample # 6 was characterized by domination of soiilymer. These insights showed the
potential but also demanded optimization in ordelobtain an interconnective ear-shaped
scaffold.

Subsequently produced variants of PU scaffolds wested using SEM in order to allow
conclusions by polyMaterials AG concerning the agpformulations and the resulting pore
size and interconnectivity. Simultaneously, physibemical treatments to increase
interconnectivity were imposed on the scaffolds awluated (Table 2). As physico-

chemical treatment procedures did neither increase size nor interconnectivity, data is not

shown here.

# treatment procedure evaluation

I with/without ethanol treatment (70%, 5 min), fivmés rinsing with PBS, autoclav seeding
sterilization, 45 min boiling water efficiency test

Il 45 min sodium hydroxide (Merck, Darmsta@ermany) solution (3%) at 60°C seeding
thrice 15 min PBS, ethanol (70%, 5 min), five timéssing with PBS, autoclav efficiency
sterilization

i ethanol (70%, 5 min), five times rinsing with PB&jtoclave sterilization, 45 mi seeding
boiling water efficiency

SEM

v argon or nitrogen plasma (Reinhausen Plasma Gmlddermsburg, Germany seeding
ethanol (70%, 5 min), washing with PBS, autoclateilzation, 45 min boiling efficiency,
water SEM

Vv ethanol (70%, 5 min), washing with PBS, freezingviater, 45 min sodiun SEM
hydroxide solution (3%) at 60° C

VI freezing in ethanol, vacuum SEM

Vil ethanol (70%, 5 min), five times rinsing with PB&itoclave sterilization, freezin SEM
(-80° C), vacuum (1.2*I®mbar) at -78° C (approx.6h),
vacuum overnight after removal of cooling

VIII  isopropanol (70%, 5-10 min), vacuum (70 mbar, 7mu@ntilation, vacuum (7( SEM

mbar, 7 min), removal of isopropanol (2 mbar, 1@)ni
70° C (10 min) or microwave (3 min)

Table 2: Applied physico-chemical treatment procedures wrease interconnectivity

scaffolds.
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Discussion

In general, there are several requirements forfadaf applied for cartilage tissue
engineering. They provide a highly porous, interamted network, allowing cell growth and
fluid exchange for nutrient supply and removal @tatbolic products. Furthermore, they have
to be biocompatible and bioresorbable with cordlm# degradation. Suitable surface
chemistry for cell attachment, proliferation andfetentiation are also essential. Moreover,
the scaffold material ought to display mechanicabpprties suitable for the site of
implantation [14, 52].

Pore size and interconnectivity represent espgcaalicial characteristics of the scaffold as
they decisively influence nutrient availability, tbalso retention of newly synthesized
extracellular matrix. SEM analysis of the ear-shiapelyurethane scaffolds revealed that in
some areas of the scaffold interconnectivity ad @a®lpore size was satisfying, whereas in
other parts of the construct the structure was datad by solid polymer, small pores and
poor interconnectivity. Insufficient interconnedtivprecludes a homogenous distribution of
the chondrocytes suspended in fibrin gel and caresgty the development of a coherent
cartilage construct. Low exchange rates of nutsi@md metabolic waste further contribute to
the development of inferior cartilage tissue. Tlesutts obtained here provide a highly
probable explanation for the comparatively weakimegyed cartilage observed within the
ear-shaped construct in Chapter 3. Neverthelesssdaffold material resisted mechanical as
well as thermal treatment, which indicates the iBtabof the material. This stability is
required when implanting the constructs or if mexta stimuli are already applied during in
vitro culture.

In conclusion, the polyurethane scaffolds represestaffold material, particularly in the
shape of the external human ear, with a great pateior clinical application as being

biocompatible and biodegradable. They are alsoachenized by mechanical stability which
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Is required for implantation and for form stabilitgowever, so far, the pore structure within
the ear-shaped constructs investigated here peehe development of coherent cartilage

tissue.

New material variants of PU scaffolds are curreatiger investigation.
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Chapter 5

Chondrocyte Cell Culture Applying OPF Scaffolds for

Auricular Reconstruction

(Manuscript in preparation, c.f. Appendices, Pudilmns to be submitted)
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Introduction

Loss of auricular cartilage due to trauma, tumasection or congenital defects represents a
challenge in craniofacial surgery [1, 2]. Due tcsthetic deficits and other disadvantages
associated with the currently applied surgical rad#hfor ear reconstruction using autologous
costal grafts, tissue engineering is considerdekta promising alternative for the established
approaches.

Cartilage tissue engineering using scaffolds ammhdhocytes has already been established for
a large variety of scaffold materials [3, 9, 14]stm-made scaffolds for the individual
patient seeded with autologous chondrocytes arsidered to render aesthetic implants.
Rapid prototyping technologies allow the creatibewen very complex, individual scaffolds
as needed for external ear reconstruction [42-44].

Oligo (poly (ethylene glycol) fumarate- (OPF-) badeydrogels are often used for tissue
engineering applications, particularly for rele@$ebioactive molecules like growth factors
[53-55], but also as a cell carrier for differentba and culture of cells [56, 57]. OPF
hydrogels are mainly used as injectable biodegladsystem [58]. The biocompatibility of
pre-crosslinked gels from various OPF-formulatiansl leachable fractions has been shown
in vitro and in vivo [58, 59].

In this study, different compositions of OPF schffowere investigated for application in the
manufacture of complex 3-dimensional (3D) consgstich as the human external ear. For
this purpose, certain mechanical properties areimed, which can be influenced by the
composition of the used polymer (Polymer and stéffioduction were performed within
research group by M. Henke.). At first, the inflaerof the OPF formulation on engineered
cartilage tissue was assessed using simple digedhsraffolds. Subsequently, the best suited
composition for creating highly complex 3D scaf®livas chosen. The ear-shaped OPF

scaffolds were fabricated in a silicone mold, whighs created applying rapid prototyping
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methods including computer assisted design and faetume (CAD/ CAM) by KL-Technik
(Krailing, Germany). After sterilization by-irradiation, the ear-shaped scaffolds were seeded
with chondrocytes suspended in fibrin gel in orbeevaluate the potential of the material for

generation of complex 3D cartilage constructs.

Results

Investigation of Development of Cartilage Tissue in Different OPF Scaffolds

In the first part of the study, the influence oé tecaffold formulation on the yielded cartilage
tissue was evaluated. Furthermore, the combinadfo®PF scaffolds with fibrin gel was
compared to OPF scaffolds alone with respect teldgwment of cartilaginous tissue. After 28

days of culture, constructs were harvested and/zaedl

Figure 14: Macroscopic appearance of OPF foams (1 — 3) seetitbdchondrocytes (- fibrin gel) and with

chondrocytes suspended in fibrin gel (+ fibrin gater 28 days in culture.

The macroscopic appearance of the constructstafterulture period was characterized by a
higher amount of medium inside the directly see@&d scaffolds compared to the scaffolds

seeded with chondrocytes suspended in fibrin geichvappeared more yellowish (Fig. 14).
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A higher diffusion of medium into the construct midpe due to lower density of extracellular
matrix (ECM) in the construct. Comparing the thdiféerent scaffold types (foam 1 - 3), no
difference could be observed macroscopically

Comparing wet weight (Fig. 15A) and cell numberg(FA5B,C) no difference was detectable
between the three different scaffold types. Thatnetly low cell number after 28 days, which
was equivalent to the calculated cell number iiytiseeded onto the scaffolds, was due to an
inevitable loss of cells during the seeding procedE&ig. 15B).

Glycosaminoglycan (GAG) content and production (Fi$D,F,H) indicated substantial
production of cartilage matrix in all three scaffdbrmulations. The same applied to collagen
content and production (Fig. 15E,G,l). Statistieahluation of the results of the biochemical
analysis showed no difference between the thrderdift scaffold formulations could be

detected.
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Figure 15 (p. 65):Wet weight (A), cell number (B, C), GAG content E}) and collagen content (E,G,l) of
cartilaginous constructs generated with OPF saddf@l-3) seeded with primary bovine chondrocytesr £8

days in culture. Data represents the average +f$iree independent constructs.

In a second study the development of cartilaginiesue was evaluated when combining
fibrin gel and OPF scaffolds.

Wet weight of the constructs seeded with chondexcy fibrin gel was much higher than of
the constructs directly seeded with chondrocytepeaaded in CCM (approximately 100 mg
higher in each group) (Fig. 16A). Cell number (FI$B,C) was also approximately 100%
higher than cell number in the corresponding sampfeOPF scaffolds directly seeded with
chondrocytes. The cell number reached two timesiritial cell number seeded onto the
scaffold by insertion of fibrin gel with suspenddtbndrocytes.

Analysis of GAG production (Fig. 16) and GAG coritefiFig. 16D,H) proved the
development of substantial amounts of cartilagerimaCollagen content (Fig. 16E,l) and
collagen production (Fig. 16G) also indicated tlewedopment of cartilage tissue over the
period of 4 weeks. Comparing the results of théetkiht foam formulations no difference
could be detected. Comparing the yielded results<3AG and collagen production (GAG/
cell and collagen/ cell) of the combination constsuwith the constructs seeded without fibrin
gel, there was also no difference detectable betwlee constructs seeded with and without
fibrin gel. However, as approximately a two-folctiease in cell number was reached in the
OPF-fibrin-combination, there was also approximatekwo fold-increase observed in GAG

and collagen (Figs.15 & 16).

66



Chapter 5 — Chondrocyte Cell Culture Applying OR&af®lds for Auricular Reconstruction

300
250 I
@
E 200 1
o
S
o 150 1
z
‘g 100
50
0 T T
foam 1 foam 2 foarn 3
B C
5 35 = 014
— | =
E 30 = 012 I
‘G‘ i
g 25 ] = 010 T T
2 g
20 7 0.08 -
8 B
= 16 1 2 goeA
4 5
E 10 2 o4
c =l
— | £ 4
3 5 = 002
Q 3
. 0.00 - - -
foam 1 foam 2 foam 3 foam 1 foam 2 foamn 3
D E
20 16
= z
£ 15 £ |
= £ 12 T
§’ 1.2 4 g
o 2 05
2 081 =
@ 04 5 M
o
00 ' 0.0 4 :
foamn 1 foam 2 foam 3 foam 1 foamn 2 foam 3
0.20 014
|
012
_ 016 =
b4 S 010
SRR 3
) 5 008
o £
S5 @
] g 0.08
3 0.08 &
8 0.04
0.04
0.02 -
0.00 1 T 0.00 - T T
foarm 1 foam 2 foarmn 3 foam 1 foarm 2 foarn 3
50 35
P 30
= 40 | E i
£ S o
] | 2
a 3.0 E oq -
ﬁ 8
8 20 = 187
s % 10
& J
o 101 2
o 054
0.0 T 0.0 T
foamn 1 foam 2 foam 3 foam 1 foam 2 foam 3

67



Chapter 5 — Chondrocyte Cell Culture Applying OR&af®lds for Auricular Reconstruction

Figure 16 (p. 67):Wet weight (A), cell number (B,C), GAG content ([Hf and collagen content (E,G,l) of
cartilaginous constructs generated with OPF saddf¢l-3) seeded with primary bovine chondrocyte8hirin

gel after 28 days in culture. Data represents tieeage + SD of three independent constructs.

Staining for GAG on cross-sections of the consgrymbved a predominantly homogenous
and substantial production of cartilaginous mathixoughout the constructs seeded with
chondrocytes suspended in CCM (Fig. 17). OPF hyssogeeded with chondrocytes
suspended in fibrin gel displayed large areas s#nstained red, although areas with faint
safranin-O staining were also detected (Fig. 1hil&r to the results of the biochemical
analysis no difference between foam 1 to 3 wascthdtée, neither when directly seeded nor
in case of seeding with chondrocytes suspendeibiim fgel. Fibrous tissue, however, could
only be detected at the edges of single constascts margin with a faint green staining (Fig.

17 foam 1 + fibrin gel, foam 3 + fibrin gel).

68



Chapter 5 — Chondrocyte Cell Culture Applying OR&af®lds for Auricular Reconstruction

foam 1 — fibrin gel foam 2 — fibrin gel foam 3 — fibrin gel

Figure 17: Glycosaminoglycan (GAG) distribution in cross-sent of OPF scaffolds (foam 1 — 3) seeded with
chondrocytes (-fibrin gel) or with chondrocytesfilrin gel (+ fibrin gel) respectively. GAG was stad red

with safranin-O.
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Ear-shaped Cartilage Construct

According to the results of the first experimentthwOPF discs a variety of scaffold
formulations was available for cartilage enginegrmithout affecting the development of
cartilaginous tissue. Foam 3 turned out to be &@istd for the generation of the complex 3D
structures of the human external ear and was cHoséne subsequent approach to engineer a
cartilage construct in the shape of the human eatexar. The composition of foam 3 was
foamed in the silicone mold and then seeded witindlocytes suspended in fibrin gel. The
combination with the fibrin gel was chosen due tagher mechanical stability of the whole
construct and a higher cell retention resulting imgher seeding efficiency.

After 28 days in culture an ear-shaped construgkdcbe harvested, which under macroscopic
examination had the appearance of cartilage (Fy.ahd proved to be very elastic and
mechanically stable during the harvesting procedbuging gross examination using forceps,
it could be bent and folded up, which was compjetedversible after removing the
mechanical force with regaining its original shafker 28 days in culture the construct

reached a wet weight of nearly 10 g.

Figure 18: Ear-shaped OPF scaffold seeded with primary boghmndrocytes in fibrin gel after 28 days in
culture. Localization of the samples taken fromrespntative section planes of the construct foch®mical

and histological evaluation (1-7).
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In order to gain an overview over the homogeneityhe development of cartilage tissue
within the whole construct, samples of represeveadreas were taken (Fig 18 — right, section
plane 1-7) and subjected to biochemical and higtoéd examination. Wet weight slightly
differed between the discs from the respectivei@egilanes, as the construct was not even,
thus the thickness of the samples also varied 1B&). Thus cell number was normalized to
wet weight (Fig. 19B). Over the culture period dabsial amounts of extracellular matrix
components were produced as indicated by an averfage85 % of GAG content per wet
weight and a collagen content per wet weight o7%2Table 4) without large variations
between the section planes analyzed (Fig. 19C,Bg activity in synthesizing matrix
components expressed as GAG per cell (Fig. 19D) ewlthgen per cell (Fig. 19F),
respectively, did not show large variations depegdon the location of the sample and
reached satisfying levels. The total amount of G&@ collagen in the whole construct was
calculated considering the wet weight of the whmdastruct and the wet weight of the discs

cut out of the construct for biochemical analy3ial{le 3).

mean standard deviation

wet weight ear-shaped construct [mg] 93434

cell number [mio] 686.3 117.0
cell number/ wet weight [1/ng] 0.073 0.013
GAG/ wet weight [%] 1.850 0.218
GAG/ cell [ng] 0.256 0.037
GAG per construct [mg] 17293 20.37
collagen/ wet weight [%] 1.266 0.271
collagen/ cell [1/ng] 0.189 0.038
collagen per construct [mg] 122.30 28.70

Table 3: Summary of the biochemical analysis of the ear-slagartilage construct after 28 days in culture
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Figure 19: Wet weight (A), cell number (B), GAG content (C,B)d collagen content (E,F) of samples taken

from representative section planes of the consasiéndicated in figure 18.

In order to evaluate the distribution of GAG withiine construct cross-sections from the
different section planes were stained with safr@diand fast green. All samples displayed an
intense and almost homogenous red staining indgaiatrix rich in cartilage specific GAG.
The space between the pores filled with cartilagel)( was partially due to the cutting
procedure during which the different parts were tapart (Fig. 20). Only in section plane 2
and 5, there were pores partially stained greereyevhbrous tissue could be found. In section

plane 5 there were some pores visible displayiegmistaining, a phenomenon which might
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be due to air bubbles in the gel during the seedmgedure, i.e. the pores were incompletely

filled with fibrin gel and suspended chondrocytes.

Discussion

In the first part of the study the general suiifpibf the OPF scaffolds for cartilage tissue
engineering, also in combination with fibrin gelasvinvestigated as well as the impact of the
formulation on tissue development. In contrasthe approach combining fibrin gel and
polyurethane scaffolds (Chapter 3) in the invesiogatwo hydrogels were combined. The
comparison of cartilage tissue development in tiree different OPF foams rendered no
statistically significant difference between the FOrmulations. With each formulation a
coherent cartilage tissue could be achieved (FiQ). Bew single pores were not completely
stained in the same intense red colour (Fig. 1#mfdaa 2/ 3 + fibrin gel). This phenomenon
was attributed to air bubbles in the gel during #emding procedure, as this was only
observed in the constructs seeded with chondroagtéibrin gel. The air in the fibrin gel
apparently inhibited a complete filling of the respive pores with the gel containing the
cells. Hence in this area less ECM could be dedecte

For further investigations foam 3 was chosen, aghree different OPF formulations showed
no difference with regard to cartilage developm@mgs. 16 & 17) and foam 3 turned out to
be the best suited for the foaming process duteggeneration of scaffolds with a more
complex structure. Thus, in the subsequent appritecformulation of foam 3 was foamed in
a silicone mold, which had the shape of a humaereat ear.

The combination of the scaffold with fibrin gel walsosen to guarantee mechanical stability
and a high retention of cells during the seedirgg@dure and of the newly synthesized matrix
during the culture period. Especially the lattevattage has already been shown for other

systems like combining polyurethane scaffolds amainf gel [24].
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Figure 20: GAG distribution in cross-sections of samples takem indicated sections planes of the ear-shaped

cartilage construct after 28 days in culture. GA&\wtained red with safranin-O.
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After 28 days in culture, the ear-shaped constnadt the typical appearance of cartilage and
was elastic and resisted mechanical forces (bentbiding) during the harvesting procedure
and gross examination using forceps. Biochemicalyais showed substantial amounts of
ECM components throughout the construct (Fig. 18bl@ 3). Histological evaluation
demonstrated a coherent cartilage tissue througheutonstruct with a mainly homogenous
and intense staining for GAG in cross-sectionshefrhajority of discs that were punched out
from representative parts of the scaffold (Fig.. 20)

Other groups also approached reconstruction oéxkernal ear by tissue engineering [41, 48-
50] applying a variety of biomaterials (c.f. Chap?¢. Liu et al. also applied CAD/ CAM and
reported the only ear-shaped scaffold that hadtaileé structure similar to one presented in
this study. However, none of the cited studiesvigied a comprehensive analysis of
developed cartilage in the whole ear-shaped cortstvith spatial resolution. Consequently,
investigation of homogeneity and coherence of thgireeered cartilaginous tissue was not
considered in these studies in contrast to theygtuesented here.

In summary, here we successfully demonstrate thygneering of a proto-type of a very
complex and custom-made ear-shaped cartilage cohsBamples taken from representative
areas of the scaffold showed substantial accunoulatfi ECM (Fig. 20). Variation of the
results of the biochemical evaluation of the camgtrdepending on the location of the
samples revealed the need to optimize the seediogegure. After optimization of the
seeding procedure and possibly also of the cultoralitions, with respect to growth factor
supplementation or dynamic cultivation further expents have to be undertaken with
human chondrocytes in order to proceed towardscelimpplication. Human, autologous
cartilage implants of clinically relevant dimensiatso demand further research to solve the
problem of cell source, i.e., the limited availéilof autologous chondrocytes. Methods to
expand cells under conservation of their cartilag;n phenotype or options for

redifferentiation after expansion in a 2-dimenslagravironment, which easily leads to rapid
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dedifferentiation [60], are to be investigated. A8 alternative, chondrogenically

differentiated mesenchymal progenitor cells maytieed (see also Chapter 8).
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Introduction

Osteochondral defects affect the articular cartilagt also the underlying subchondral bone
of the joint. They are usually caused by traumasieochondritis dissecans. Osteochondral
defects often cause mechanical instability of thatjand are therefore associated with the
risk to induce osteoarthritic degenerative disedse.date a widely accepted treatment
procedure for osteochondral defects is still mgg6i]. Although in clinical use autologous
osteochondral constructs turned out to be promisthgy are accompanied by several
limitations. Tissue engineering of osteochondralftgrallows the generation of individually
tailored constructs of defined dimension and sHégg Furthermore co-culture is a powerful
tool to study cellular interactions [63].

There are several strategies to engineer osteocdloodnstructs. Concerning the applied
scaffold one option is to use a scaffold for thedpart in combination with a scaffold-free
cartilage-part. Moreover different scaffolds forneoand for cartilage are chosen and
combined at the time of implantation. In case qflgpg a single scaffold two approaches are
possible, either the application of a single hajereous, bilayered or of a single homogenous
scaffold for both, the bone and the cartilage caomepd. The choice of the cell source also
implies a variety of options. Scaffolds can be kxhdvith a single cell source having
chondrogenic capacity or with two cell sources hgveither chondrogenic or osteogenic
potential. Another possibility is the applicatioh eells which have both, chondrogenic as
well as osteogenic differentiation capacity. Cedlef scaffolds have also been employed [62].
A wide range of materials is available for scaffoltsed for osteochondral grafts, biological
and synthetic materials. Perichondrium, alginaté&psan, periost, DBM (demineralised bone
matrix) and allogenic/ xenogenic bone serve as ekesnfor biological materials. These
materials facilitate tissue development as they mtsa good osteoinductive as well as

biomechanical properties. DBM for instance contajrensth factors and supports osteogenic
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differentiation. Synthetic materials applied inauELA (polylactic acid), PLGA (polylactic —
co- glycolic acid), PU (polyurethane), CDHA (caleitdeficient hydroxyapatite)p-TCP
(tricalciumphosphate). Ceramics like hydroxyagatt B-TCP consist of minerals of the
natural bone matrix [64].

Within a joint project (‘Regenerative Implants’, \Baian Research Foundation ‘Bayerische
Forschungstiftung’) involving several research guand companies, our group was
responsible for the chondrogenic culture withinosteochondral construct. In order to yield
an optimal environment for the respective cell typell established scaffold-materials were
chosen for the bone as well as for the cartilagepmnent and combined in a single, bilayered
scaffold. Biphasic scaffolds for osteochondral grdfave been proposed by various groups
[65—-68]. To engineer the cartilage part the estébli concept of seeding chondrocytes
suspended in long-term stable fibrin gels in PUfetds [24] was chosen. For the bone part a
hydroxyapatite—based scaffold was prepared by dspelotting a special rapid prototyping
method. Hydroxyapatite-based scaffolds were alresdgcessfully used for bone tissue
engineering approaches [69]. In order to obtaimgle, bilayered scaffold the hydroxyapatite
based composite was directly plotted on the potharee scaffold. The PU-part was seeded
with chondrocytes in fibrin gel. After pre-cultufer one week the composite-part was seeded
with GFP-labelled human BMSC. In the first parttloé study a method for selective seeding
of the cartilaginous part had to be established flowing experiments were conducted
applying both cell types to investigate their cotitpbty and cell distribution to evaluate the
potential of the system for generation of osteodnaingrafts for a longer culture period in a

bioreactor.
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Results

Establishment of a Selective Seeding Procedure

To reach a selective seeding of the polyurethabg-fart of the bilayered scaffold consisting
of a PU-part for the development of cartilage tssamd a composite-part plotted directly on
the surface of the PU scaffold for engineering h@method to radially insert the fibrin gel
with the chondrocytes into the scaffold was essdigld (c.f. Chapter 2 “Materials and
Methods”, Fig. 3). Two different types of bilayersdaffold were employed. The first type
was characterized by a membrane separating PU-camghosite-part (“with membrane”).
The membrane was introduced during the productimtgss of the PU scaffold and the
composite was later plotted directly on the meméradine second type was produced without
the separating membrane (“open”). In this casetmeposite was directly plotted on the open
pores of the PU scaffold and the development okmbrane was inhibited to a certain extent
during the fabrication of the PU scaffold.

The application of a cell-free fibrin gel stainedttwbromophenolblue permitted a first
estimation of the success in selective insertiotheffibrin gel into the PU-part (Fig. 21). The
images of the constructs with stained fibrin gé&ktawith the stereo-magnifier demonstrated
an evenly blue stained PU-part and a composite-pduith remained mainly unaffected by

the blue fibrin gel.

80



Chapter 6 — Towards Osteochondral Constructs

PU-part composite-part combination cross-section

II

IIo

Figure 21: Selectivity of gel insertion into bilayered scaffslvisualized by addition of bromophenolblue to the
fibrin gel. Two batches of scaffolds were investigh Two different types can be distinguished! Fepresent
scaffolds, which were produced by plotting the cosige part on the membrane covering the PU scaffalih

membrane”), whereas in case of Il o the composit¢pas plotted on the scaffold on open pores (idpe

For a first cell culture experiment, bovine chormjtes suspended in fibrin gel were seeded
in the PU-partAfter 21 days cultured in vitro, the ratio of cheadytes in the PU-part and in
the composite-part was determined (Fig. 22A). Tlagonity of the cells could be detected in
the PU-part, thus a certain degree of selectivitylat be realized, however, for a co-culture
the number of chondrocytes in the composite-pamppssed for the GFP-labelled hBMSC,
had to be reduced. The cell number per wet welgigt 2B) was also determined, but was
of minor value due to the differences concerning theight of the scaffold material.
Unexpectedly, the membrane between the two scaffatts did also not favour selectivity
during the seeding procedure (Fig. 22A). Considgrine activity of the chondrocytes
concerning production of extracellular matrix (EC®Ymponents, i.e., glycosaminoglycans
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(GAG) (Fig. 22C) and collagen (Fig. 22D), no di#flace between both types of bilayered

scaffolds (“with membrane” and “open”) could beetgéed.
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Figure 22: Biochemical analysis of bilayered scaffold, seeditti bovine chondrocytes in fibrin gel selectively
in the PU-part of the scaffold, after 21 days irtune. Selectivity was analyzed by calculating thdo of
chondrocytes in the PU-part and in the composité{@g. Matrix production was analyzed by deterntioa of

GAG- (C) and collagen — (D) production. Data repres the average + SD of three independent cortstruc

Homogeneity of GAG distribution in the PU-part apdssible undesirable and unintended
matrix in the composite part was analyzed by safr@nstaining of cross-sections after 21
days in culture (Fig. 23). Regarding the stainemksisections, in the area of the composite
part an intense and homogeneous safranin-O staimiiicated a coherent cartilage matrix in
the part of the construct intended for the bone-pitis was the case in both experimental
groups. In the PU-part intense red staining of Gi@icated production of substantial

cartilage tissue in both groups. The empty spatedan the pores may be due to the cutting
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process during sample preparation. The picturetheftransition zone in both groups also
displayed ECM accumulation particularly towards ttemposite part, which is the lower

layer in the images.

open

PU-part ‘ transition zone composite-part

i 'v'-'-«-' ‘
3 RN i

with membrane

PU-part ‘ transition zone

Figure 23: Glycosaminoglycan (GAG) distribution in cross-sens of bilayered scaffolds after 21 days in

culture. Safranin-O stained GAG red.

Thus, histological evaluation also showed thatdheas no difference between the two types
of bilayered scaffolds and substantial amounts ladndrocytes and consequently also of
produced extracellular matrix could be detected tive composite part. Histological
examination also documented that the membrane aticemhance selectivity of the seeding
procedure.

A first real co-culture resulted in similar findisigAfter one week of pre-cultivation of the

constructs with chondrocytes in the PU-part, thenposite-part was seeded with GFP-
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labelled hBMSC and co-cultured for 3 days to evi@uaompatibility. DAPI (2-(4-

amidinophenyl)-1H indole-6-carboxamidine) stainivgs conducted to analyze distribution
of chondrocytes (blue fluorescence) and GFP-lathdiBMSC (green fluorescence) in the
cross-section. A considerable number of chondrecgtelld be detected by blue fluorescence
in the composite-part (Fig. 24A). The live-deadass displayed many fluorescing cells
particularly in the PU-part of the bilayered scéffindicating a high amount of dead cells

(Fig. 24B).

Figure 24: After pre-cultivation for 1 week and subsequentdseg with GFP-labelled hMSC (green
fluorescence) cross-sections were stained with DA®I visualize distribution of chondrocytes (blue
fluorescence) and GFP-labelled hBMSC (green flumese) (left). Viability of chondrocytes was invigated
by live-dead assay with propidium iodide (red flesrence of dead cells) and fluorescein-diacetateeiig
fluorescence of viable cells) (right). (SeedinghMtBMSC, co-culture and staining was conducted byID

Drosse, research group Prof. M.Schieker, LMU, Mn@ermany.)

In order to overcome the problem of reduced vigbthe height of the PU-part was reduced
from 4 mm to 2 mm. The initial cell density seedetb the PU-part was reduced to half of

the amount applied in the first experiment and vbkime of gel inserted was additionally
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reduced to 80% of the volume of the PU-scaffold,pag., the calculated initial number of
chondrocytes seeded per construct amounted to@®.¢&lls. Cell distribution was analyzed
24 hours after seeding, on day 3 and day 8 to explbthe high number of chondrocytes
located in the composite-part was due to littlestlity during the seeding procedure or due

to cell migration.
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Figure 25: Selectivity of the seeding procedure and cell tigtion during a culture period of 8 days (intended
pre-cultivation time till seeding with GFP-labelldiBMSC) determined by DNA assay (A, B). Matrix
production of the cells in the different parts lo€ bilayered scaffolds was analyzed by GAG assay ftay 1 up

to day 8 (C, D). Data represents the average ektimdependent constructs = SD with the exceptfaay 3,

which was only represented by 2 constructs.

24 hours after seeding the bilayered scaffoldsyagmately 20 % of the total cell number
could be detected in the composite part (Fig. 288hsequently the seeding procedure had to
be declared as preferential, but not as selectsrentended. Up to day 8 the ratio of

chondrocytes in the composite-part increased tmstri0%. In both parts of the bilayered
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scaffold GAG was deposited (Fig. 25C) and GAG potidm per cell was similar in both

parts of the bilayered scaffold (Fig. 25D).
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Figure 26: Selectivity of seeding the PU-part of the bilayesedffold, while the composite part was blocked
with a thermo-reversible gelatine gel. In casehef tonstructs “with membrane” the composite wastgdioon
the membrane covering the surface of the PU schffidie other variant indicated by “open” impliedPd-part
without a membrane on the surface, thus, the coitepass plotted on the open pores of the PU distaD

represents the average of three independent cotsstfsD.

As the results described above were not satisfifonghe intended purpose due to deficits in
selectivity, the effect of blocking the composipwith a thermo-reversible gelatine gel
during the seeding procedure was investigated @héapter 2). Blocking the composite-part
with the thermo-reversible gelatine gel yieldedighly selective seeding of exclusively the
PU-part of the bilayered scaffold using the scafowith (“with membrane”) and without

(“open”) a membrane between PU- and composite{pagt 26). After 24 hours the ratio of

chondrocytes in the composite-part accounted #%2n the scaffolds with membrane and
5.9% in the scaffolds with the composite plottedtiom PU-part without a membrane. Thus,
remarkable increase in selectivity could be reachgalying the thermo-reversible gelatine

gel with little difference between the two typeshifayered scaffolds. Also after 7 days in
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culture, only a negligible amount of chondrocytessvdetected in the composite part (3.7%)
(Fig. 26).

In order to gain an impression of the interconnégtiof the PU-part of the different
scaffolds, which is crucial for providing nutrientscanning electron microscopy was
conducted. The PU scaffold with membrane was cheniaed by very small pores without

interconnections between the pores (Fig. 27).

PU-part ‘ transition-zone

with membrane

open

i
1

Anga  SKU imm WO3A gaal 3§

Figure 27: SEM images taken from the PU-part of the bilayesedffolds to show the difference of pore size
and interconnectivity between PU scaffold with antheane on the surface (“with membrane”) or withaut

membrane (“open”).

Due to the fact that the production of a membraméhe surface of the PU scaffold during the
foaming process resulted in a very low interconmggtand small pores, this variant was
regarded as inappropriate for further applicatiorchondrocyte cell culture. Moreover, the

membrane did not promote selectivity in the seedimgcedure of the bilayered scaffolds.
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Consequently, for the following co-culture expenrebilayered scaffolds without a

membrane were selected.

PU-part transition-zone composite-part

DAPI staining (magnification 10x)

live-dead-assay (magnification 5x)

Figure 28: DAPI staining (blue fluorescence of nuclei) of ttr@ss-sections of the bilayered scaffold seeded
with chondrocytes and after 7 days pre-cultivatioith GFP-labelled hBMSC (green fluorescence) was
conducted to visualize the distribution of the teell types in the two parts of the scaffold as vaslin the
transition zone after 3 days of co-culture. A ldead-assay was also performed to test viabilitthefcells in
the different parts of the construct after 3 dafysoeculture. Living cells appear green (staininghviluorescein-
diacetate) and dead cells were stained with propidiodide (red). (Seeding with hBMSC, co-culturedan

staining were conducted by Dr. |. Drosse, resegrotip Prof. M.Schieker, LMU, Munich, Germany.)

In a second co-culture experiment, chondrocyte® waspended in fibrin gel and seeded into
the PU-part using the optimized seeding method, aféer blocking the composite part with
the thermo-reversible gelatine gel. Constructs weeecultured for 7 days and then were
seeded with GFP-labelled hBMSC. After a short celtof 3 days cell distribution and
viability were investigated. The cross-sectionsngté with DAPI showed that some green-

fluorescent hBMSC could be found in the PU-part ansimall amount of blue-fluorescent
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chondrocytes could be detected in the composite{pay. 28). The DAPI staining clearly
demonstrated an increase in selectivity comparatiddirst co-culture (Fig. 24 & Fig. 28).
Cross-sections of the bilayered constructs stawild propidium-iodide and fluorescein-
diacetate revealed some dead cells in the bilaysoastruct particularly in the PU-part (Fig.

28).

Discussion

The engineering of osteochondral constructs wasoapped employing bilayered scaffolds
with two different parts intended for cartilage amahe engineering, respectively. A method
to selectively seed the PU-part of the bilayeredffetds with chondrocytes could be
established. The ratio of chondrocytes detectdbde 24 hours in the composite-part could be
reduced by temporary application of a thermo-rabrgelatine gel from 20% (Fig. 25A) to
2.4% with membrane and 5.9% (Fig. 26) without a fokeme between the PU- and the
composite-part.

The large increase in selectivity yielded by tenapprblockage of the composite was also
apparent in the cross-sections of the bilayeretfdddastained with DAPI after 3 days of real
co-culture of chondrocytes and hBMSC (Fig. 28).yOalsmall number of blue fluorescent
cells, i.e. of chondrocytes, was detected in thenpmsite part. The scaffold without a
membrane between the two different parts yieldeslilte very similar to the membrane
containing scaffolds, i.e., the membrane on théasarof the PU-part, which originally was
supposed to increase selectivity and to inhibit oagration, did not additionally favour
selectivity, when blocking the composite-part wilie thermo-reversible gelatine gel during
the seeding procedure (Fig. 26).

This was advantageous as the generation of the raemlauring the production process of

the PU scaffold was associated with decreasing-giaee and interconnectivity (Fig. 27).
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Interconnectivity and a certain dimension of theepan turn are vital for nutritive supply of
the cells inside the scaffold and, thus, for tisdereelopment [51].

Comparing the expansion of the number of chondescyh the composite part without
temporary blockage of the composite part (Fig. 2&#h the very low increase from day 1 to
day 7, when the composite part was blocked withthieemo-reversible gelatine gel (Fig. 26),
the high increase of cells in the composite pagrabably ascribable to proliferation not to
migration of the cells.

A similar concept with regard to scaffold design ésteochondral constructs was chosen by
Schek et al. Two bonded cylinders were used to fariilayered scaffold comprising a
cylinder of hydroxyapatite (HA) and another onepaoly-L-lactic acid (PLA). In order to
inhibit infiltration during seeding and cell migia during culture a thin polyglycolic acid
(PGA) film coated the poly (lactide acid) (PLA) mder. The seeding was conducted in two
steps. First bone morphogenetic protein-7 (BMPr@hdfected human gingival fibroblasts
suspended in a fibrinogen solution were seededtbetblA-part and immediately placed on a
drop of thrombin solution to start gelation. Thbe PLA-part was seeded with chondrocytes.
In this study, the centre of the polymer-part adssplayed only a low safranin-O staining.
Cartilage tissue could also be found in the HAfoydir indicating that the PGA barrier failed
to prevent infiltration of the ceramic part by clhioocytes. The PGA film was also supposed
to be the reason for deficits in the developmerthefinterface as it also inhibited interaction
of osteoblasts and chondrocytes. Mineralized egil however could be detected at the
interface [70].

Towards the successful engineering of osteochormnastructs, further experiments with a
longer co-culture-period have to be conducted uate development of coherent cartilage,
bone and a bone-cartilage interface. In order tprawe the nutritive situation in the
polymeric part of the bilayered scaffolds a higliergree of interconnectivity would be

advantageous. Culture conditions may be improvethéyse of bioreactors that can provide
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controlled medium flow and can impose mechanicaddl$§71]. For example, it has been
shown that cyclic hydrostatic pressure can enhahoadrogenic matrix production of human
mesenchymal progenitors differentiated in vitroe3@ results also suggested that mechanical
loading might play a vital role in cartilage deva@hoent [72]. In order to provide optimal

conditions for co-culture two-chamber bioreactoesyrhe advantageous [73].
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Introduction

Cartilage tissue engineering is a promising apgr@aca treatment for cartilage defects in the
joint [5, 13], but also in craniofacial surgeryge for auricular reconstruction [37, 41]. One of
the great challenges in this field is to overcorne limitations concerning the amount of
autologous harvestable chondrocytes. One posgildito expand the chondrocytes in 2-
dimensional (2D) environment before culture ondirBensional (3D) cell carrier. Expansion
in 2D, however, is accompanied by rapid dediffdedinin, associated with. for example,
predominant expression of type | collagen [60] eximty the chondrocytes less suitable for
cartilage tissue engineering purposes [5, 74]. Touwswth factors are applied either already
during expansion of the chondrocytes [75-78] oirdusubsequent 3D culture [75, 78-80] to
improve the quality of the generated tissue.

Studies conducted in the group demonstrated s\stergiffects of the protein growth and
differentiation factor-5 (GDF-5) in combination Wiinsulin, on bovine chondrocytes on poly
(glycolic acid) (PGA) scaffolds. GDF-5 belongs teetbone morphogenetic protein (BMP)
subfamily. BMPs are members of the transformingwginofactorf superfamily and were
identified as inducers of bone and cartilage foromain vivo [81]. GDF-5 or cartilage derived
morphogenetic protein-1 (CDMP-1), which is used aymously, is a growth factor
involved in limb formation [82-84] and appears also the stage of mesenchymal
condensation and throughout the cartilaginous cofdéke developing long bones of bovine
embryos [85]. GDF-5 has also been postulated tmym@ved in the maintenance of healthy
cartilage and regenerative response in diseassetes it was found in the superficial layer
of normal cartilage and throughout osteoarthriictiage [86]. Insulin has previously been
shown to have distinct anabolic effects on engegeartilaginous constructs from primary

cells similar to those of insulin-like growth factb(IGF-1) [27, 87].
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In the preceding study mentioned above the effectSDF-5 either alone or in combination
with insulin were investigated. In case of prim&tyndrocytes, the application of GDF-5
combined with insulin resulted in an increase of weight and cell number without affecting
the production of glycosaminoglycans (GAG) andagdn per cell. When the clinically more
relevant expanded chondrocytes were used, supptatieenwith GDF-5 or insulin alone led
to only very small constructs. However, supplemgotawith the combination of GDF-5
(0.01 and 0.1pg/ml) and insulin (2.5 pug/ml) duriogrtilage development affected the
engineered made from expanded chondrocytes in @&rggtic manner, leading to
substantially increased production of cartilaginexacellular matrix [88, 89].

In the studies presented here the impact of thécapipn of GDF-5 alone or in combination
with insulin already during chondrocytes expansiaas investigated with bovine
chondrocytes in fibrin gels as 3D cultures syst@B].[Furthermore, the transferability of the
results obtained with expanded juvenile bovine chooytes in PGA scaffolds to expand
adult human chondrocytes in PGA scaffolds to expadlt human chondrocytes in a 3D
pellet culture system, which has also been prelyosisccessfully employer for cartilage
engineering [90, 91]. By using different culturestgms, also independency of the synergism
from the chosen 3D system could be examined. &stagreliminary experiment, the effect of
GDF-5 or insulin, either alone or in combinatiom adipose-derived stem cells was
investigated in pellet culture, as adipose-deristn cells represent an attractive alternative

cell source for cartilage tissue engineering appilbims (see also Chapter 8).

Results

Effect of GDF-5 or GDF-5 in Combination with Insulin Applied during Expansion
In the first part of the study of GDF-5 (0.1 pg/nt@ 0.1) alone or in combination with

insulin (2.5 pg/ml) (G 0.1 +I) was applied durirgetexpansion of bovine chondrocytes and
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the effect on tissue quality yielded during expanf bovine chondrocytes and the effect on
tissue quality yielded during subsequent 3D cultar@brin on tissue quality yielded during
subsequent 3D culture in fibrin gel was investigatBhe concentration of the protein was
based on previous studies [88]. Fibrin gel cultwees also conducted under three different
conditions, i.e., control conditions without suppkntation, supplementation with GDF-5 (G
0.1) alone or in combination with insulin (G 0.1+A flow chart showing the experimental
design is given in Chapter 2 (Fig. 3). After 21 slay fibrin gel culture the groups which
received the combination of GDF-5 and insulin dagpld the typical appearance of cartilage

and retained the initial construct size of 5 mndimmeter.

CTR GO.1 GO.14I

Exp: CTR

Exp: GO.1

Exp: GO.1+1

Figure 29: Macroscopic appearance of fibrin gels seeded wigtaeded (P2) bovine chondrocytes after 21 days
in culture without factor supplementation (CTR)pglementation with GDF-5 at a concentration of @/bpi (G

0.1) or the combination of GDF-5 (0.1pg/ml) anduiirs (2.5ug/ml) (G 0.1+1). Before seeding, cellsrave
expanded under different conditions. Exp: CTR: exgi@n without supplementation; Exp: G 0.1: expamsidth
GDF-5 supplementation of 0.1 pg/ml; Exp: G-0.1 espansion with supplementation with the combinatén

GDF-5 (0.1 pg/ml) and insulin (2.5 pg/ml).
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The constructs were mechanically stable sugge#tiagproduction of substantial amount of
extracellular matrix (ECM). In this group there wae obvious difference between the
different expansion conditions.

Fibrin gels cultured under control conditions ordan supplementation with GDF-5 alone
(0.1pg/ml) decreased dramatically in size and wedein colour indicating high diffusion of
medium and low amount of cartilaginous ECM (Fig.).2Bhis was consistent with the
mechanical instability of the constructs, which eveoft and gel-like. In these two groups
there was also no difference apparent betweenitieeemt expansion conditions.

Biochemical analysis displayed a much higher weighte(approximately 10 — to 20-fold
higher wet weight) of the constructs cultured urslgsplementation with the combination of
GDF-5 and insulin, compared to culture without dapyentation with the combination of
GDF-5 and insulin, compared to culture without dapgentation or with addition of GDF-5
alone (Fig. 30A). The same applied to the absobtelé number per construct, which was
approximately 10-fold higher in the combination gwoas in the control (CTR) and in the
GDF-5 (G 0.1) group (Fig. 30B). GAG was hardly @e&able in the control groups as well as
in the GDF-5 (G 0.1) groups irrespective of theangon conditions. In contrast, the groups
cultured under GDF-5 and insulin supplementatiod{0 displayed substantial amounts of

GAG (Fig. 30C).
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Figure 30: Wet weight (A) cell number (B), glycosaminoglycd®AG) (C) content, and collagen content (D) of
fibrin gel constructs after 21 days of culture. rivibgels were seeded with passage 2 chondrocytfesnded
under different conditions: control (Exp.: CTR), &5 (0.1 pg/ml) (Exp: G 0.1) supplementation oritidd of
the combination of GDF-5 (0.1 pg/ml) and insulins(21g/ml). Fibrin gels were cultured under the daling
conditions: control (CTR), GDF-5 supplementationl(fig/ml) (G 0.1) or addition of GDF-5 (0.1 pg/rai)d
insulin (2.5 pg/ml) (G 0.1 +I). Data represents &wverage = SD of three independent constructsisttatly
significant differences between the groups are tishby symbol ¢) (p < 0.05) or asterisk (*) (p<0.01). Before
analysis normality test was conducted. In casaitdre (indicated by) Kruskal Wallis analysis of variance on

ranks with subsequent Tukey test was performed.

Comparing, for example, constructs seeded withs cedpanded under control conditions
(Exp: CTR) and cultured in 3D in CCM without furtheupplements (Exp. CTR — CTR) with
constructs applying cells expanded also under ebotinditions (Exp: CTR), but cultured
with GDF-5 and insulin supplementation in fibrin galture (Exp. CTR — G 0.1+]), the latter
one showed the 8-fold GAG content per wet weighthgared to control constructs (Exp:

CTR-CTR). Comparing matrix production within theogp receiving the factor combination
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during 3D culture, the preceding expansion und@trob conditions turned out to be more
favourable than expansion under GDF-5 (Exp.: G @upplementation or addition of the
combination of both proteins, GDF-5 and insulin gg% 0.1+1) (Fig. 30). Considering the
collagen content, the groups did not defer muclh wagard to collagen per wet weight (Fig.
30 D).

GAG distribution was analyzed by staining crosgieas of the fibrin gel constructs with
safranin-O (Fig. 31). Only the constructs whicheiged CCM supplemented with the
combination of GDF-5 and insulin (G 0.1+l) duringrin culture displayed homogenous and
intense red staining indicating substantial amowfit&AG throughout the whole construct.
Constructs, cultured either in CCM without suppletseor GDF-5 supplementation alone
were stained green, indicating the dominance abiib tissue and the absence of GAG.
Comparing the sub-groups of the group, which wdtiad with CCM supplemented with
the combination of the proteins during 3D cultu® 0.1 +I), the most intense and
homogeneous red staining could be detected in ribes<sections of the fibrin gels seeded
with passage 2 chondrocytes expanded under camtndlitions (Exp: CTR).

Biochemical as well as histological evaluationtté tonstructs showed no beneficial effect of
applying GDF-5 alone or in combination with insulouring the expansion of the

chondrocytes on tissue quality attainable duridgsequent 3D culture.
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CTR Go.l GO.1+I
- Exp: CTR
Exp: GO.1
- B G071

Figure 31: Glycosaminoglycan (GAG) distribution in cross-sent of fibrin gels seeded with passage 2
chondrocytes after 21 days in culture. GAG stained with safranin-O. The columns divide the diffdare
conditions during 3D culture in fibrin gel: contr@CTR), with GDF-5 (0.1ug/ml) (G 0.1) supplemerdatior
addition of GDF-5 (0.1 pug/ml) combined with insuli.5 pug/ml) (G 0.1+l). The first row shows constsu
seeded with passage 2 (P2) chondrocytes expanded control conditions (Exp: CTR), the second oiith B2
chondrocytes expanded under GDF-5 supplementatioh ig/ml; Exp: G 0.1), the last row with P2

chondrocytes expanded under supplementation witR-6[0.1 pg/ml) and insulin (2.5 pg/ml) (Exp: G 61
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Synergistic Effect of GDF-5 and Insulin on Expanded (P2) Human Chondrocytes

In order to investigate the possible clinical relege of the combination of GDF-5 and insulin
the effect of insulin (2.5 pug/ml) (I 2.5) and GDH®.1 pg/ml) alone or in combination (G
0.1+1) on tissue quality yielded with expanded §a@® 2) adult human chondrocytes was

studied in a pellet culture system.

A: Glycosaminoglycans

CTR I25 Go.1 GO.1+I

Figure 32: Cross-sections of pellets generated with humanagas® chondrocytes after 3 weeks of culture.
Distribution of glycosaminoglycans (GAG) (A), GAGaw stained red with safranin-O. Type | collagen4Bdl
type Il collagen (C) distribution, collagens werenmunohistochemically stained employing type | ayuktll

collagens antibody respectively (brown stain).
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The study with human adult passage 2 chondrocgtagered similar results as obtained with
expanded bovine chondrocytes. Application of prigeiesulted in increased pellet size as
compared to controls. Control pellets and pelleiseiving single proteins exhibited a
homogeneous, but weak safranin-O staining for GR@. (32A). The combination of GDF-5
and insulin resulted in a distinctly stronger stagfor GAG in large areas of the pellet.
Control constructs were stained positive for typsollagen (Fig. 32B). Constructs cultured
under supplementation with insulin (2.5 pg/ml) (6)2or GDF-5 (0.1 pg/ml) (G 0.1) also
displayed a positive staining for type | collagémirsing, however, was less intense compared
to the control group. The combined application @Fs5 and insulin resulted in a distinctly
lighter staining for type | collagen compared toe tlother experimental groups.
Complementary results were observed by type llagelh immunohistochemical staining.
Neither control constructs nor constructs receiaitber insulin or GDF-5 alone showed the
presence of type Il collagen. In clear contrastdaunthe supplementation with the
combination of GDF-5 and insulin (G 0.1+l), a sgdgpe |l collagen staining was detected.
The results obtained by quantitative real-time RORPwere consistent with the histological
and immunohistochemical staining. Type | collageRNA was upregulated by insulin, as
compared to controls (3.6-fold), whereas it was aitected by GDF-5 applied alone or in
combination with insulin (Fig. 33A). In contraspmication of insulin alone led to a distinct
down-regulation of type Il collagen mRNA expressarmpared to control (33-fold), and the
combination of GDF-5 and insulin resulted in a tesxtious up-regulation of type Il collagen

(115-fold, Fig. 33B).
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Figure 33: Relative quantification using RT-PCR of type | (&)d type Il (B) collagen mRNA expression on
day 21 of pellet culture with human passage 2 ctamydes. Data represents the average of two orthre
independent constructs, error bars indicate thenmim and the maximum values. Expression levelsaaafet
genes were normalized to the expression of GAPDiirsg as housekeeping gene. Expression levels were

further normalized to expression levels of the oargamples (set as 100%).

Effect of GDF-5 and Insulin on Chondrogenic Differentiation of Human Adipose Tissue
Derived Sem Cells (ASC)

In a last, preliminary experiment the effect of GBRnd insulin alone or in combination on
chondrogenic differentiation was examined. The iappbn of GDF-5 (0.1 pg/ml) (G 0.1) or
insulin (2.5 pug/ml) alone or in combination did rextert an effect on cell number after 21
days in pellet culture (Fig. 34A). Supplementat@ihCCM with either factor alone or in

combination yielded a higher GAG production pet ceinpared to the control without factor
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supplementation (Fig. 34B). Highest increase in G#@Gduction per cell could be achieved
applying GDF-5 alone at 0.1 pg/ml (approximateljo@t higher production in the GDF-5
group compared to control). Substantial amountSAG, however, could not be detected. In
accordance to the results of the biochemical arslythe histology did not show a
considerable red staining of the cross-sectionthefpellets, indicating no sufficient GAG
production. Cross-sections displayed green colooichvdemonstrated the development of
fibrous tissue. Only around few cells a faint redona could be detected, particularly in the

group which received supplementation with GDF-5 msdlin (G 0.1+1) (Fig. 35).
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Figure 34: Cell number (A) and GAG content (B) of ASC pellafter 21 days in culture. Pellets were either
cultured under control conditions (CTR), in CCM plgmented with GDF-5 (0.1ug/ml) (G 0.1) or withufia
(2.5 pg/ml) (I 2.5) alone or with supplementatioiirmvthe combination of both proteins (G 0.1 +I).rle@ach
group 3 individual pellets were pooled. GAG [ngdlicas well as GAG [ug]/ DNA [ug] are shown hereg fo

better comparison with literature (c.f. discussion)
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Figure 35: Cross-sections of pellets with ASC after 21 daysuture. Pellets were cultured under control
conditions (CTR), with GDF-5 (0.1 pg/ml) (G 0.1) orsulin (2.5 pug/ml) (I 2.5) supplementation or the
combination of both GDF-5 and insulin (G 0.1 +l)swadded to CCM. Cross-sections were stained with

safranin-O, which stains glycosaminoglycans red.

Discussion

GDF-5 is known to play an essential role in embryarthondrogenesis and limb formation
[81, 92, 93]. There is evidence that GDF-5 takes ipahe complex cascade of bone fracture
healing, for example by playing a central role ihowdrogenesis and maturation of
chondrocytes [94-96]. In adult bovine and humartilage, GDF-5 was found to be
expressed in both normal and osteoarthritic tig39¢ However, the specific functions of
GDF-5 in adult cartilage are still to be elucidatédevertheless, GDF-5 represents an
interesting candidate molecule for cartilage engjimg applications, as suggested in several
studies using different in vitro and in vivo modg3-100].

Engineering cartilaginous constructs, the use ofitio expanded chondrocytes is still one of
the major obstacles. In order to improve construoede from passaged chondrocytes,

different approaches have employed various groattofs. The synergistic effect of GDF-5
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and insulin exerted on expanded (passage 2) bavimedrocytes had previously been proven
in the group [88, 89]. The experiments presentaée kere conducted applying GDF-5 and
insulin in the concentrations which had turnedtoute most effective [27, 88, 89].

In the first study, GDF-5 alone or in combinatiorthninsulin was applied during expansion
of bovine chondrocytes and the effects on tissuityattainable in subsequent 3D fibrin gel
culture employing the differently expanded (pass2gehondrocytes were investigated. The
fact that the application of GDF-5 alone or in camaltion in the expansion phase with insulin
did not exert a positive effect on subsequent dgreknt of cartilaginous tissue in fibrin gel
(Figs. 30 & 31) could be considered as a clue tdwvdhe mechanism of action of these
proteins. They seemed not to be able to inhibitifte¥dntiation, but to have a favourable
impact on redifferentiation processes occurringraduBD culture. For other growth factors,
differential results were found. For example, tippleation of FGF-2 during expansion of
bovine articular chondrocytes resulted in a redueegression of fibroblast markers and a
higher responsiveness to BMP-2 applied during PGAue. The application of BMP-2
during expansion in 2D, however, did not exert phositive effect [78], similar to the results
observed in our study employing GDF-5 also beimgeanber of the BMP-family. Jakob et al.
also investigated the effect of several proteingliag during expansion (i.e., EGF, FGF-2,
TGF{$1, PDGFbb, TGHB1/ FGF-2). All used factors increased dedifferdmdraas well as
cell proliferation, but only FGF-2, EGF and PDGFapplication during expansion in 2D
resulted in increased redifferentiation in peligtuare [75].

The results previously obtained with juvenile bavigells [88, 89] were supported by
experiments employing adult human chondrocytes:iAganly the combination of GDF-5
and insulin led to type Il collagen expressiondatected by immunohistochemistry, at the
same time reducing expression of type | collagemmared to either factor alone (Fig.32).
Type Il collagen expression was also dramaticaplyegulated for the combination at the

MRNA level (Fig. 33). Whereas no other studies asspged chondrocytes are currently
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available, previously, it has been reported that~&Dstimulated the ECM response of fetal
rat calvarial cells towards the chondrogenic phgm®{101]. Interestingly, supplementation
of GDF-5 alone led to only a slight upregulationtgbe Il collagen expression and had no
effect on type | collagen in mesenchymal stem cellsereas a combination of GDF-5 and
TGF{1 distinctly increased type Il collagen and redutyge | collagen expression [102]. In
accordance to the previous studies with bovine dramytes[88, 89], in the presented study
neither factor alone was able to overcome the tidiftiation resulting from chondrocyte
expansion; however, the combination of GDF-5 aralilin led to cartilaginous constructs
with cells more actively producing ECM, and withdestinctly improved collagen subtype
content. The demonstration of the synergistic fetghtiating effects of GDF-5 and insulin
also for adult human chondrocytes further addsh® dlinical relevance of the findings
concerning the synergistic effect of GDF-5 and limsu

Various 3D culture systems were chosen for thegtigation of the synergistic effects of
GDF-5 and insulin. In previous studies, where thpesggistic effects were described for
expanded bovine chondrocytes, PGA scaffolds wepieap[88, 89]. In fibrin gel culture as
well as in the pellet culture system, the 3D cdtsystems used in the study presented here,
synergistic effects of GDF-5 and insulin were a¢s@rted on expanded bovine and human
chondrocytes. The synergistic effects of GDF-5 arsilin are thus independent from the
chosen 3D system.

Due to the convincing results with expanded hunauitahondrocytes the question arose, if
besides a synergistic effect during redifferentiatiof dedifferentiated chondrocytes a
synergistic effect during chondrogenic differentdatof human mesenchymal is also exerted
by GDF-5 and insulin. Human adipose derived sterls ceere chosen, as they are
characterized by an easy availability with littkertéen for the patient, the possibility to obtain
large amounts thereof [25] and their described dhmgenic potential [103-107]. In a first

preliminary study, GDF-5 (G 0.1) and insulin (1I2&dne as well as the combination thereof
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were added to complete chondrocyte medium in otdeobserve possible chondrogenic
differentiation. In contrast to expanded chondresytho synergism was found in the study
with ASC. The highest degree of chondrogenic dafgiation, when taking into account
GAG production as an indicator for the productidn cartilaginous extracellular matrix
(ECM), could be reached by GDF-5 (Fig. 35). Howewsr to be expected, compared to our
results with expanded chondrocytes, only very lowG3roduction was observed with ASC
within the three weeks of culture. In order to assthe potential of GDF-5 for stem cell
differentiation, comparison of the results with etlstudies, attempting to differentiate ASC
towards a chondrogenic phenotype have to be tak®enaiccount. Feng et al. for example
compared the extent of chondrogenic differentiatiamder TGH and GDF-5
supplementation versus control as well as the dlogahic differentiation induced by
transfection with an adenoviral vector expressimgFs (Ad-GDF-5). The highest degree of
chondrogenic differentiation measured as GAG prodac(GAG [ug]/ DNA [ug]) was
yielded by GDF-5 supplementation at the same cdratgon applied in the study presented
here. Comparing the results in both studies, tineeslevel of GAG production was reached
(approximately 3.5 and 4.2 respectively) [108]. FfFwas also employed for chondrogenic
differentiation of ASC. The results in GAG productiwere also comparable to the degree of
differentiation achieved here [1]. Neverthelesstdiigjical examination (Fig. 43) clearly
revealed the great discrepancy between the obtaiesdts and the requirements, when
aiming at clinical application. In order to overcenthe reduced capacity of ASC to
differentiate towards a chondrogenic phenotype, imedmpositions are to be optimized.
Comparing ASC and BMSC concerning their capability differentiate towards a
chondrogenic phenotype most of the direct compasisiound a lower chondrogenic
differentiation capacity for ASC than for BMSC (c€hapter 8). In order to distinctly
improve the comparatively inferior chondrogenicqmiial of ASC, the reasons for the lower

chondrogenic capability as well as possible optatims of standard culture conditions were
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investigated. For example, the application of higlencentrations of TGB2 in combination

with IGF-I resulted in a cartilaginous different@t of ASC comparable to BMSC
differentiated by standard protocol [109].

Another group was able to show that in contrasBMSC, ASC exhibited a reduced
expression of BMP-2/-4/-6 mRNA and did not expre$&Ff-receptor-1 protein.

Consequently, an increase in the concentration GFJ did not result in improved
chondrogenesis. A treatment with BMP-6, howeveduoed TGH- receptor-1 expression
and in combination with TGB-resulted in a gene expression profile in ASC sintib BMSC

during chondrogenic differentiation [110].

With regard to the main part of the presented stuéy, the redifferentiation of expanded
chondrocytes, it also appears desirable to futheidate the mechanism of action involved
in the detected synergism of GDF-5 and insulin.wé&d together with results previously
obtained, it is remarkable that there were cleffiedinces between the primary and the
passaged chondrocyte cultures [88, 89]. Whereath®oprimary cells, beneficial effects on
construct size were clearly ascribable to increasgedliferation, for the passaged
chondrocytes the distinct redifferentiating effectgere elicited on the cellular level
independent of proliferation (increased ECM productper cell, shift in collagen subtype
expression on mMRNA and protein level) [88, 89]. Opessible explanation for the
redifferentiating effects on the passaged chondescig an upregulation of receptor densities.
GDF-5 transmits its signals through binding to twldferent serine-/threonine-kinase
receptors forming a heterodimeric complex, thattype Il (either ActR-ll, ActR-1iB, or
BMPR-II) and type | (BMPR-IB) [111-113]. As desceith for other growth factors in skeletal
development such as TGH., FGF-2, and PDGF-AB [102, 114], insulin may induc
expression of BMPR-IB in turn enhancing the sigmahsduction of GDF-5. Furthermore,

there is evidence that dedifferentiated cells plassigh similar stages when redifferentiating,
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as cells do in chondrogenesis [91]. Consequenttiieropossible mechanisms for the
synergistic effects include transcriptional craa&-tas elicited by morphogens and growth
factors during chondrogenesis. In our study, ctabs-between Smad and MAP kinase
pathways activated by GDF-5 and insulin may havenhbevolved in the observed effects
[113, 115, 116]. The fact that GDF-5 decisively miades the response to another cartilage-
effective protein contributes to the emerging pietof the role GDF-5 apparently plays in

chondrogenesis and cartilage physiology.
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Chapter 8

Differentiation Capacity of Adipose - Derived StentCells
(ASC) and Bone Marrow Derived Stem Cells (BMSC)
towards Fat, Bone and Cartilage in Direct Comparisa

Review

(Manuscript in preparation, c.f. Appendices, Pudilmns to be submitted)
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Introduction

Stromal cells from bone marrow and adipose tisgppeesent an attractive source of adult
progenitor cells particularly for regenerative noage in tissue engineering approaches.
Moreover, they constitute a fascinating model syister the investigation of differentiation
processes. The most obvious use is in the fielortbiopaedics due to their proven ability to
differentiate towards cartilage and bone. The chogehic potential of bone marrow-derived
mesenchymal stem cells (BMSC) has been shown ierakstudies [117-125] as well as the
osteogenic potential [121, 123, 126-129]. Due @rtmultilineage potential BMSC can also
differentiate, among other lineages, towards adifesc[123, 126, 128]. The procurement of
bone marrow, however, is limited and associatett wiprocedure which may be painful and
often demands general or spinal anaesthesia. BM&@Qsaially obtained from bone marrow
aspirates by density grade centrifugation. Moreotiee cell yield is not very high thus
demanding in vitro expansion.

Adipose tissue constitutes another source for nobgemal stem cells, which can be obtained
in large quantities and under local anaesthesid B&ifice the publication of the first work
demonstrating the multilineage potential of sterfiscgerived from adipose tissue [25, 26],
several groups have investigated the differentiati@pacity of these cells. For example, their
capability to differentiate towards a chondrogefi®3-107], osteogenic [130-132] and
neuronal [133, 134] phenotype has been demonstr&ederal terms have been used
synonymously for adipose-derived stem cells. Foaseoes of harmonization and
simplification the International Fat Applied Teclhogy Society agreed to employ the term
adipose tissue-derived stem cells (ASC) for isdlatplastic-adherent multipotent cell
population from adipose tissue [135]. Accordingthc agreement the same nomenclature

will be used in this article. ASC applied in thegaeded studies were in brief isolated by
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digestion of the adipose tissue with collagenasbsequent filtration and centrifugation and
removal of blood cells and then seeded in cultlagkfor dishes for further expansion.

As mentioned above, numerous studies have showmtliineage potential of ASC and
BMSC. However, there is still a lively ongoing dission among researchers in the field of
regenerative medicine on the preferred cell typaige in specific applications. By now, there
Is a considerable number of investigations avaslaghkt have directly compared ASC and
BMSC concerning their chondrogenic, osteogenic dipagenic differentiation capability
under different culture conditions and with sometsnmvarying outcome. The aim of this
review is to summarize and evaluate these studiesrier to facilitate more rational
conclusions on the choice of stem cells for a jga@generative approach. Future aspects of
research into ASC and BMSC application are disalisse

The differentiation capacity towards a chondrogeatienotype is of particular interest due to
the limited availability of autologous harvestablendrocytes for cartilage tissue engineering

applications.

Comparison of the Chondrogenic Potential of ASC an@BMSC

Methods to effectively differentiate mesenchymaénst cells towards a chondrogenic
phenotype may solve one of the major problems rtilage tissue engineering: the limited
number of autologous, harvestable cells. As a 3dsional (3D) environment generally
favours the chondrogenic phenotype, in many studiesndrogenic differentiation is

conducted in a 3D environment. The studies diremipparing ASC and BMSC with regard
to chondrogenic differentiation are summarized @bl€ 4. The extent of chondrogenic
differentiation is evaluated by investigation ofettamount of typical components of
cartilaginous extracellular matrix (ECM), like cadlen or glycosaminoglycans, which can be

easily quantified by spectrophotometric assays. disibution of glycosaminoglycans can
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be visualized by safranin O or toluidine blue stagn Synthesis of the characteristic type II
collagen is assessed by immunohistochemical stainBut also mRNA of typical
chondrogenic markers, like type Il collagen (COL2A4&ggrecan and cartilage oligomeric
protein (COMP), can reveal if chondrogenic différation was successful. Moreover, the
expression of type X collagen, a marker for hypgtic chondrocytes, is often analyzed. A
high expression of type X collagen indicates aedéhtiation beyond the mature chondrocytes
towards a mineralized tissue, which is generallyintended for cartilage tissue engineering

purposes.

In Vitro Studies

Although 3D culture systems are favoured for chogdnic differentiation, the chondrogenic
capacity or gene expression profiles of both AS@ BMSC were assessed in monolayer (c.f.
study by Winter [18] et al and study by Liu et f#2]) in some investigations. Standard
chondrogenic induction in monolayer resulted inugaregulation of cartilage markers and
expansion related genes. The differentiation, h@neemained incomplete. A shift to the 3D
pellet culture system in combination resulted inimproved differentiation of BMSC to a
molecular phenotype highly resembling that of tage, whereas with ASC displayed a
distinctly delayed and decreased COL2A1 expreq4di8h

In other studies, directly comparing morphology mth@genically induced BMSC in 3D
environment displayed round chondrocyte morphologihereas ASC stayed small and
fusiform [19, 136]. Pellets of ASC remained smallesize compared to those generated from
BMSC. Macroscopically BMSC had a higher chondroggmtential and morphologically
resembled chondrocytes, whereas ASC acquired aholagy resembling that of fibroblast
[21].

Staining of sulfated glycosaminoglycans with safma@ or toluidine blue proved a distinct

proteoglycan production by chondrogenically indu&dSC in 3D culture, whereas only
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faint staining was reached in ASC cultures indrgatiow matrix production [19, 21, 137—-

139].
Ref. Outcome Medium composition Culture Passage #
Systetm&  ASC  BMSC
Period
[136] ASC << DMEM/ F12, 1% insulin-transferrin-selenium (ITS) pellet; fibrin P3 P3
BMSC 107 M dexamethasone, 50 mM ascorbate-2- gel
phosphate, 50 uM L-proline, 1 mM sodium pyruva - 28 d
5 ng/ml TGFB2, 100 ng/ml IGF-1
[22] DMEM, 10% FBS, 2 mM L-glutamine, 10 ng/ml culture flask P2 P2
TGF1, 6.25 pg/ml insulin, 50 nM ascorbate-2- -14d
phosphate, 1% antibiotic/ antimycotic (gene expr.
profiling)
ASC << DMEM, 10% FBS, 2 mM L-glutamine, 10 ng/ml pellet culture
BMSC TGF-$3, 107 M dexamethasone, 50 ug/ml ascorba - 14 d
2-phosphate, 40 pg/ml proline, 100 pg/ml pyruvat (comparison
50 mg/ml ITS premix (6.25 pg/ml insulin, 6.25 of
pna/ml transferrin, 6.25 pg/ml selenious acid, 1.25 chondrogenic
mg/ml bovine serum albumin, 5.35 mg/ml linoleic  potential)
acid)
[18] ASC~ DMEM-HG, 10% FCS, 5 pg/mlinsulin, 5 pg/ml culture flask - -
BMSC transferrin, 5 pg/ml selenious acid, 0.1 uM -14d
dexamethasone, 0.17 mM ascorbic acid-2-phospt
ASC << 1 mM sodium pyruvate, 0.35 mM proline, 1.25 spheroid
BMSC mg/ml bovine serum albumin, 10 pg/ml T@GB- culture
-28d
[140] ASC < DMEM, 10% FCS, 10 ng/ml TGB4, 6.25 pg/ml pellet culture P3-P6  P3-P6
BMSC insulin, 1% antibiotic/ antimycotic -14d
[141] ASC~ DMEM-HG, 1% FCS, 10 ng/ml TGB1, 0.5 pg/ml  pellet culture P3-P5  P3-P5
BMSC insulin, 50 uM ascorbic acid -21d
[142] ASC < DMEM-HG, 0.1 uM dexamethasone, 0.17mM pellet culture P2-P4  P2-P4
BMSC ascorbate-2-phophate, 1% insulin-transferrin-sodii - 21 d
selenite supplement, 100 ng/ml rhBMP-2
[21] ASC << DMEM-HG, 500 ng/ml BMP-2, 10 ng/ml TGB3, pellet culture P1 P1
BMSC 107 M dexamethasone, 50 ug/ml ascorbate-2- -21d
phosphate, 40 pg/ml proline, 100 pg/ml pyruvate,
mg/ml, ITS premix
[143] ASC < DMEM-HG, 1% ITS premix, 1 mM pyruvate, 73.5 pellet culture P1 P1
BMSC mg/ml ascorbate-2-phosphate -28d
[137] ASC < DMEM-HG, 500 ng/ml BMP-2, 10 ng/ml TGPB3, pellet culture P2 P2
BMSC 107 M dexamethasone, 50 pg/ml ascorbate-2- -21d
phosphate, 40 ng/ml proline, 100 ng/ml pyruvate,
1:100 diluted ITS premix (6.25 pg/ml insulin, 6.25
png/ml transferrin, 6.25 ng/ml selenious acid, 1.25
mg/ml bovine serum albumin, 5.35 mg/ml linoleic
acid
[139] ASC < DMEM-HG, 2% FCS, 100 ng/ml BMP-2 or AdBMF pellet culture P2 P2
BMSC 2 (500 pfu/cell), 100 nM dexamethasone, 1XBSA/ - 14d
linoleic acid, 1x ITS premix, 50 pg/ml ascorbate-2:
phosphate, 100 U/ml penicillin/streptomycin
[138] ASC << DMEM-HG, 10% FCS?, 1% antibiotic/ antifungal pellet culture P2 P2
BMSC solution, 100 nM dexamethasone, 50 mg/ml -21d

ascorbate-2-phophate, IT&remix, with/ without 10
ng/ml TGF$3, 10 ng/ml rhBMP-6
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[144] ASC= Complete chondrogenic differentiation medium pellet culture P1 P2
BMSC (Cambrex) incl. 10 ng/ml TGB- -20d
[145] ASC << DMEM-HG, 1% ITS, 0.1 pM dexamethasone, 37.! agarose P2 P2
BMSC png/ml ascorbate-2-phosphate, with/ without 10 ng.  hydrogels/
rhTGF$1 self-
assembling
peptide
-21d
[19] ASC << DMEM-HG, 4 mM proline, 50 pg/ml ascorbic acid, P2 P2
BMSC 1% ITS-premix, 1ImM sodium pyruvate, 0.1 pM
dexamethasone, 10 ng/ml TBB-
[146] ASC << DMEM-HG, 0.1mg/ml sodium pyruvate, 0.1mg/mi P3 P3
BMSC — glutamine, 0.1 mg/ml pyridoxine hydrochloride, :

% penicillin/ streptomycin, ITS premix (6.25 mg/ml
each), 10M dexamethasone, 10 ngTGH-
[109] ASC << DMEM/F12, 1% ITS premix, 16 M dexamethasone P3 P3
BMSC 50 uM ascorbate-2-phosphate, 50 UM L-proline, 1
mM sodium pyruvate

ASC: 5 ng/ml TGH32/ 5 ng/ml TGFB2, 100 ng/ml
IGF-1/ 15 ng/ml TGFB2/ 15 mg/ml TGH32, 300
ng/ml IGF-I/ 25 ng/ml TGH32/ 25 ng/ml TGRB2,

500 ng/ ml IGF-I
BMSC: 5 ng/ml TGH32
[110] ASC < DMEM-HG, 5 pg/ml insulin, 5 pg/ml transferrin, 5 P2-P6 P2-P6
BMSC ng/ml selenious acid, 100 nM dexamethasone, 0.1

mM ascorbic acid-2-phosphate, 1 mM sodium
pyruvate, 0.35 mM proline, 1.25 BSA, supplement
10 ng/ml TGFB3, BMP-2/-4/-6/-7, IGF-I, FGFa,
bFGF, PTHrP

Table 4: Overview of the studies directly comparing the afregenic differentiation capacity of ASC and

BMSC in vitro.

In some studies the results of histological exationaof matrix production and distributions

were consistent with the results of biochemicallysia of GAG synthesis, which was

significantly higher for treated BMSC compared rieated ASC [19], whereas another group
found no significant difference in GAG productionrmalized to total DNA concentration

[138].

Immunohistochemical staining of the harvested cooit revealed a type Il collagen-rich

matrix in BMSC cultures in contrast to ASC cultyrediere only a faint staining [139, 146]

or even no staining [19, 136, 138, 145] was detecte

The results of the analysis of gene expression wensistent with the results of histological
and immunohistochemical analysis, although thereewsinor differences in the results

depending on the respective study.
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Mehlhorn et al. compared the expression levels ladndrogenic markers expressed by
induced ASC and BMSC on day 14. Detected chondiogearker expression displayed the
superiority of BMSC to differentiate towards a cdovgenic phenotype [146]. Chondrogenic
induction resulted in an up-regulation of type dllagen mRNA in both cell types compared
to unstimulated cells, whereas up-regulation wgsifsicantly higher in chondrogenic BMSC
cultures [22, 139-141]. Afizah et al found a muadghler and earlier increase in type Il
collagen expression [19]. Liu et al also detectddgher increase in type Il and X collagen
expression in BMSC cultures compared to ASC cudtuafter chondrogenic induction,
aggrecan expression was only detectable in BMS@ureul[22]. In other studies type Il
collagen expression was only detectable in BMSE nbtiin ASC [145]. Expression of type
X collagen in BMSC cultures indicated that BMSC deto hypertrophic chondrogenic
differentiation, which is not intended for carti@gissue engineering.

Integrin-mediated signalling has emerged to play iaportant role in chondrogenic
differentiation and maintenance of a chondrogeriienotype. There were no differences

detected in integrin expression between the twiotgeds [144].

In Vivo Sudies

Chondrogenic capability was also analyzed in vivamimal models. Table 5 summarizes the
design and the outcome of the respective studié&{L-transduced ASC and BMSC were
injected intraarticularly and the two groups stdisemilarly positive for type Il collagen after
21 days [142]. Untreated ASC seeded in a collaggragd transplanted into a full-thickness
osteochondral defect resulted in poor cartilagerimatisualized by a faint toluidine blue
staining, whereas the corresponding group witheatéd BMSC, which displayed an intense
blue staining [137]. ASC or BMSC, infected with adeiral vector expressing bone

morphogenetic protein-2 (AdBMP-2) and seeded inrirffibglue before subsequent
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transplantation into partial thickness defects e tpatellar groove, showed significant

differences concerning adherence to the borderaltswf the defect.

Ref. Outcome Animal Model Implant in vivo Passage #
Generation culture ASC BMSC
period
[142] ASC~BMSC immunodeficient cells transfected - 21d P2 — P4 P2 — P4

mouse; injection of  with TGFf1
cells intra-articularly
[137] ASC << BMSC rabbit, full thickness cells in collagen -28/84d P2 P2
osteochondral defect gel,a-MEM, 20%
(femur) filled with FBS for 1d before

cell/ collagen gel transplantation
composites
[139] ASC << BMSC rat, partial thickness cells transfected -14d P2 P2
defect in patellar with AdBMP-2,
groove, pellet generation of cell
transplanted into pellet of infected
defect & non-infected
cells at a ratio of
2:1

Table 5: Overview of the studies directly comparing the diraigenic differentiation of ASC and BMSC in

vivo.

In the groups with BMSC most of the lesions wermpletely filled with cartilaginous repair

tissue, whereas repair tissue deriving from ASElydilled the defects completely. Moreover
AdBMP-2 infected BMSC displayed a positive toluigliblue and type Il collagen staining,
whereas AdBMP-2 infected ASC produced predominafittyous repair tissue lacking

proteoglycans and being predominantly composeyp# t collagen [139].

Although the studies in principle demonstrate thendrogenic capacity of ASC, none of the
studies directly comparing ASC and BMSC showed ghdri chondrogenic differentiation

capacity of ASC and only few studies showed simidatcome. Noel et al concluded that
ASC and BMSC represent fundamentally different tgles and with different commitment
[147]. In order to investigate into and possiblyemome the inferiority of ASC in the ability

to differentiate towards a chondrogenic phenotypghér studies were conducted. A
successful approach by Kim and Im was to apply dngboncentrations of TGB2 in

combination with IGF-I. Culturing ASC under the niened conditions resulted in a
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chondrogenic differentiation comparable to BMSC emstandard conditions [109]. Hennig
et al investigated the mRNA expression of seveMPB and expression of TGFreceptor-I-
protein to elucidate the lower chondrogenic capagft ASC, partially contradictory to the
findings of Kim and Im. In comparison to BMSC, AShowed a reduced expression of
BMP-2/-4/-6 mRNA and, in contrast to BMSC, did retpress TGHPB-receptor-l protein.
Consequently an increase in the concentration ofF-FCGdid not result in improved
chondrogenesis. A treatment with BMP-6, howeveduoed TGH- receptor-1 expression
and in combination with TGB-resulted in a gene expression profile in ASC sintib BMSC
during chondrogenic differentiation [110]. Comparithe two studies, one has to consider
that Kim and Im investigated the effect of highesncentrations of TGPB; also in
combination with IGF-I. They did not further anagdypossible changes on the receptor level.
Hennig et al, on the other hand, approached thelgmoby testing different growth factors
and the combination thereof. Thereby, the exprassib TGFf-receptor-I-protein was
analyzed. Possible positive effects of increasihg TGF$ concentrations were also
investigated based on type Il collagen synthesiscdntrast to Kim and Im, no type Ii
collagen was detectable even when applying higleeatnations of TGH-in contrast to Kim
and Im. Kim and Im, however, did not elucidategloke impact of IGF-1 on TGIB-receptor-
I-protein and did not consider possible synergisfiects of TGH and IGF-I, as observed
for growth and differentiation factor-5 (GDF-5), wh also is a member of the TGF-

superfamily, and insulin, which displays great $amiies to IGF-1 [88].

Comparison of the Osteogenic Potential of ASC andN8SC

A distinct osteogenic potential has also been detnated for both BMSC and ASC. In
contrast to the studies analyzing chondrogenic eifitiation, the majority of the

investigations directly comparing osteogenic ddéfdgration of BSMC and ASC were only
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conducted in 2-dimensional environment (studies reanzed in Table 6). Osteogenic
differentiation is commonly evaluated by analysfsatkaline phosphatase (ALP) activity,
matrix mineralization, which can be visualized lpnwWossa staining or staining with alizarin
S, and additionally calcium deposition assay. Aabptipossibility to assess osteogenic
differentiation is to analyze the expression ofeogenic markers like Runx2, osteopontin,

osteonectin, osteocalcin and osteomodulin or alkgdhosphatase.

In Vitro Studies

After osteogenic induction in vitro (media compumsit given in Table 6), in some studies
similar matrix mineralization was detected by vooskKa or alizarin S staining indicating that
both BMSC and ASC possess osteogenic potential 148, 148, 149]. In other studies the
intensity of the staining as a measure for the amofi calcium deposition revealed, that
BMSC had accumulated more calcium in consequenastebgenic induction [21, 22, 136,
150, 151]. A higher degree of matrix mineralizatinrBMSC cultures was also evidenced by
stronger calcein fluorescence in matrix. Calciunargification on day 14 as wells as on day

28 indicated higher calcium deposition in BMSC grethan in ASC groups [152].

Ref. Outcome Medium composition Culture Passage #
Period ASC BMSC
[136] ASC << BMSC DMEM/ F12, 1% FCS, 0.1 uM -21d P3 P3

dexamethasone, 50 uM ascorbate-2-
phosphate, 10 mM-glycerophosphate, 1%
antibiotic/antimycotic
[22] ASC << BMSC DMEM, 10% FBS, 2mM glutamine, 0.1puM - 14d P2 P2
dexamethasone, 50 uM acorbate-2-phosph
10 mM B-glycerophosphate, 1% antibiotic/
antimycotic
[18] ASC = BMSC MSC growth medium, 0.1 pM -14d - -
dexamethasone, 0.05 mM ascorbic acid-2-
phosphate, 10 mM-glycerophosphate
[140] ASC < BMSC DMEM, 10% FBS, 10 mMp- -7d P3&P6 P3&P6
glycerophosphate, 0.01 uM 1,25
dihydroxyvitamin D3, 50 uM ascorbate-2-
phosphate, 100 U/ml penicillin/ streptomycir
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[141] ASC~=BMSC IMDM, 15% FCS, 0.1 uM dexamethasone, -21d P3-P5 P3-P5
10mM B-glycerophosphate, 100 uM ascorbe
[142] ASC <BMSC DMEM-HG, 10% FBS, 0.1 uM- -21d P2-P4 P2-P4

glycerophosphate, 3mM NaPQ,, 50 pg/ml
ascorbic acid

[21] ASC < BMSC a-MEM, 20% FBS, 100 U/ml penicillin, 100 14 d pre- P1 P1
png/ml streptomycin, 250 ng/ml amphotericir culture, 21 d
B, 10° M dexamethasone, 20 mpAglycerol  osteogenic
phosphate, 50 pg/ml ascorbate-2-phosphat medium

[153] ASC~=BMSC DMEM, 10% FCS, 50 pg/ml ascorbic acid, -14d P3&P7 P3&P7
10 mM p-glycerophosphate
BMP-4 transduced cells

[152] ASC < BMSC MEM, Earle’s salts & L-GIn, 15% FBS, 1% -14d - -
antibiotics, 10 mM3-glycerophosphate, 0.28
mM ascorbic acid-2-phosphate, 10 nM
dexamethasone

[154] ASC=BMSC DMEM lg, 10% FCS, 3mM L-glutamine, 10C - 21 d P3-P6 P3-P6
U/ml penicillin/ 2000 U/ml streptomycin, 10C
nM dexamethasone, 0.2 mM L-ascorbic acit
2-phosphate, 10 mig-glycerophosphate

[149] ASC < BMSC DMEM, 15% FBS, 0.1uM dexamethasone, -28d P5 P3
UM ascorbate-2-phosphate, 10 niM
glycerophosphate, antibiotics (100 U/ml
penicillin G, 100 pg/ml streptomycin)

[155] ASC <BMSC a-MEM, 20% FCS, P/S, 2 mM glutamine, 1 -28d P3 P3
mM sodium glycerophosphate, 50uM L-
ascorbate, ItM dexamethasone (in most

cases)

[150] ASC < BMSC a-MEM, 10% FBS, 10 mM-glycerol -28d P2-P3 P2-P3
phosphate, 50 pg/ml L-ascorbic acid, 10 nv
dexamethasone

[151] ASC < BMSC DMEM-HG, 100 nM dexamethasone, 10 m! -28d P3 P3

B-glycerophosphate, 0.05 mM ascorbic acid
phosphate, 10% FBS

[148] ASC~ BMSC DMEM, 10% FBS, 1% antibiotic/ 7 d pre- P4 P4
antimycotic, 0.1 uM dexamethasone, 50 puN cultivation, 21
ascorbate-2-phosphate, 10 nfiM osteogenic
glycerophosphate medium

[156] - ASC: DMEM, 10% FBS, 1% antibiotic/ -21d - -

antimycotic, 0.1 M dexamethasone, 10 mh
B-glycerophosphate, 50 pM ascorbate-2-
phosphate

BMSC: commercial osteogenic induction
medium (Clonetics, Cambrex, BioSciences,
Baltimore, MD): MSC growth medium,
dexamethasone, L-glutamine, ascorbate-2-
phosphate-glycerophosphate, penicillin/
streptomycin

Table 6: Overview of the studies directly comparing the ogtnic differentiation capacity of ASC and BMSC
in vitro. Studies were conducted in “D with oneception - Hattori et al cultured and differentiated cells on

atelocollagen honeycomb-shaped scaffolds with almnane-seal (ACHMS scaffold) [149].

ALP activity assays resulted in higher ALP activittyosteogenically induced BMSC cultures

in comparison with corresponding ASC cultures [1Bf), 152, 155]. This is also reflected by
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higher levels of alkaline phosphatase expressigfil][1Besides ALP expressions other
osteogenic markers were analyzed. Significantly enasteocalcin was detectable in
differentiated BMSC cultures in comparison to therresponding ASC cultures [152].
Niemeyer et al. reported increases in ALP and asiem expression in both osteogenic ASC
and BMSC cultures, without statistically signifi¢atifferences between the cell types [154].
In another study, much higher levels of extracalluhatrix genes like osteomodulin (OMD)
were expressed by osteogenically induced BMSC cosdptm ASC. The same also applied
for numerous other osteogenic markers analyzed [2R}el et al also found a stronger up-
regulation of osteocalcin mRNA in differentiated @ $han in differentiated BMSC cultures.
In contrast osteogenic differentiation resulteé inigher up-regulation of osterix and alkaline
phosphatase mRNA in BMSC cultures than in the spwading ASC cultures [142].
Furthermore, osteogenic induction of BMSC and AS&S weported to result in a considerable
down-regulation of various extracellular matrix-QM-) associated genes over the culture
period. Interestingly, certain genes were only doegulated in ASC (e.g., COL1A2,
COL3A1), whereas expression of others were onlyredsed in BMSC (e.g., COL2A1,
COLG6AL1) [156].

In a special approach, transduction of BMSC and A®@G an adenoviral vector expressing
bone morphogenetic protein-4 (Ad-BMP-4) resultedairstronger deposition of calcified
extracellular matrix by ASC in comparison with BMS(E day 14. ASC cultures, however
also simultaneously developed fat tissue. ConngrAlLP expression a tremendous increase
was reported for both transduced BMSC and ASC,owttta difference between ASC and
BMSC cultures. On day 3, Runx2 mRNA, and on daynd 34, bone sialoprotein were more
strongly up-regulated in differentiated Ad-BMP-4nsduced BMSC compared to ASC,
whereas osteocalcin mMRNA was more strongly up-eg¢gdl in differentiated Ad-BMP-4
transduced ASC in comparison to BMSC. Cells transeduwith adenovirus expressing

enhanced green fluorescent protein (AdEGFP) andimduced cells served as control.
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Neither AEGFP transduced cells nor non-inducets aisplayed any sings of osteogenic

differentiation during the whole culture period 15

In Vivo Sudies
The osteogenic potential of stem cells derived flroome marrow or fat tissue was also

investigated in vivo. The experimental designhaf &nalyzed studies is given in table 7.

Ref.  Outcome Animal Model Implant Generation in vivo Passage #
culture ASC BMSC
period

[153] AsSC=BMSC rabbit, full thickness AdBMP-4 transduced cell: - 84 d P3&P7 P3&P7

defect (cranial) treated
with AdBMP-4
transduced cells in fibrir
gel
[157] ASC <BMSC sheep, implantation in  hydroxyapatite coated -182d P2 - P4 P2 - P4

critical size defect (tibia} collagen scaffolds seeded
with the cells, 1 d
precultivation in expansiol

medium
[149] ASC>BMSC nude mouse, S.c. ACHMS scaffolds seeded - 28 d P5 P3
implantation of with cells, 14 days pre-
osteogenic induced culture in osteogenic
ACHMS- cell constructs medium
[152] ASC <<BMSC rat, subcutaneous hydroxyapatite discs -42d PO PO
implantation placed in cell suspension
overnight for cell
attachment

Table 7: Overview of the studies directly comparing the ogtnic differentiation capacity of ASC and BMSC

in vivo.

Osteogenically induced BSMC and ASC cultured forweeks within atelocollagen
honeycomb-shaped scaffolds with a membrane-seaHWA®) in osteogenic medium were
transplanted s.c. in nude mice for 4 weeks. Sulesgganalysis of the yielded calcification
displayed substantial calcium and phosphate depasithe surface. Scaffold calcification
could be detected in osteogenically induced ASCwalk as BMSC-seeded scaffolds. In
contrast to the results of the in vitro study, whdisplayed no difference between ASC and

BMSC seeded ACHMS scaffolds, the calcification lev®wever, seemed to be higher in
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ASC cultures than in BSMC seeded scaffolds [149]amother study hydroxyapatite (HA)
scaffolds seeded with either BMSC or ASC were imggd after incubation for cell
attachment. After 6 weeks histological analysighe implants showed that more calcified
areas in the BMSC/ HA composites than in the AS®/ ¢dmposites, in which no bone
formation could be detected [152]. Other approacheestigated the osteogenic capability of
scaffolds seeded with osteogenically induced BMBE€ ASC, respectively, for bone repair in
vivo. BMSC or ASC were seeded on mineralized cellagponges, which were implanted
into critical size defects of sheep tibia. Sigrafit superiority of the BSMC-group versus the
ASC-group could be detected between week 12 andn2éhe ASC-group there was no
significant bone formation compared to d1 at anypof time, whereas all BMSC-implants
displayed a bridging of the defect. In this studgidition of plasma to the scaffold, when it
was seeded with ASC elicited a positive effect aaduced the inferiority of ASC in
osteogenic differentiation compared to BMSC [1543-BMP4-transduced MSC from bone
and from adipose tissue were seeded in fibrin getrimmn and then implanted into full
thickness cranial defects in rabbits. In both grogpnilarly substantial levels of bone

regeneration in radiographic examination and telogical analysis were observed [153].

Taken together, in general the surveyed studiesSB8Milisplay a superiority concerning
osteogenic differentiation. Some differences betwen studies concerning the measure of
difference in the osteogenic differentiation poi@niay be attributed to differences in the
applied culture conditions and also to the kindedults on which the respective conclusion

was based on. Particularly histological findingswlonly semi - quantitative estimations.
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Comparison of the Adipogenic Potential of ASC and BISC

As described above, also the adipogenic potenfiddSC as well as of BMSC has been
confirmed in several studies. As for osteogenicfed#ntiation, the majority of the

investigations the directly comparing adipogenitedentiation of BMSC and ASC were only
conducted in 2-dimensional (2D) environment (stesdiammarized in table 8). Only in one
study different scaffold materials were used toestigate the adipogenic differentiation of
ASC and BMSC [158]. Adipogenic differentiation che visualized by staining the lipids
with a hydrophobic dye, e.g., red oil O. Moreovely kranscription factors in adipogenesis
like peroxisome proliferator-acitvated recepio(PPARy) and C/EFB. and late markers of

adipogenesis such as lipoprotein lipase (LPL), Ived in the lipid exchange programme

indicate adipogenic differentiation.

In Vitro Studies
In adipogenic medium ASC and BMSC both displaydlipch vacuoles stained positive with
red oil O [18, 21, 22, 140-142, 148] indicatingtteem cells from both origins are capable of

differentiating towards the adipogenic lineage.

Ref. Outcome Medium Composition Culture Period Passage #
ASC BMSC
[22] ASC>BMSC DMEM, 10% FCS, 0.5 mM isobutyl -14d P2 P2

methylxanthine, 1 pM dexamethason
10 puM insulin, 200 M indomethacin,
1% antibiotic/ antimycotic
[18] ASC>BMSC DMEM-HG, 10% FCS, 0.01 mg/ml -14d - -
insulin, 1uM dexamethasone, 0.2 mh
indomethacin, 0.5 mM 3-isobutyl-1-
methyl xanthine, 100 U/ml penicillin,
100 pg/ml streptomycin
[140] ASC >BMSC DMEM, 10% FBS, 1 mM -14d P3&P6 P3&P6
dexamethasone, 0.5 mM 3-isobutyl-1
methyl-xanthine, 10 pg/ml rh insulin,
100 U/ml penicillin/ streptomycin
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[141] ASC=BMSC IMDM (Iscove’'s modified Dulbecco’s -21d P3-P5 P3-P5
medium), 15% FCS, 1 uM
dexamethasone, 5 pg/mlinsulin, 60
UM indomethacin

[142] ASC=BMSC DMEM/F12,10% FBS, 1 uM -21d P2-P4 P2-P4
dexamethasone, 0.5 mM isobutyl-
methylxanthine, 60 UM indomethacin
for 3 days, then DMEM/ F12, 10%
FCS

[21] ASC>BMSC a-MEM, 20% FBS, 100 U/ml 14 d pre- P1 P1
penicillin, 100 pg/ml streptomycin, 25 cultivation, 21 d
ng/ml amphotericin = control medium adipogenic
for 14 days, then control medium +1( medium
"M dexamethasone, 0.5 mM isobutyl
1-methyl xanthine, 50 uM
indomethacin

[150] ASC >BMSC ITT-medium: DME/Ham’'s F12,0.05 -28d P2-P3 P2-P3
MM insulin, 0.2 nM 3,5,3'-
triiodthyronine, 100 nM transferrin, 17
UM calcium panthotenate, 33 uM
biotin, 100 nM dexamethasone
[151] ASC >BMSC DMEM-HG, 1.0 uM dexamethasone, -28d P3 P3
0.5 mM isobutylmethylxanthine, 10uP
insulin, 200 pM indomethacin, 10%
FBS, 1% penicillin G/ streptomycin,
5.0 mg/l amphotericin B
[148] ASC~BMSC DMEM, 10% FBS, 1% antibiotic/ 7 d pre- P4 P4
antimycotic, 0.5 mM isobutyl-methyl cultivation, 21 d
xanthine, 1 uM dexamethasone, 10 | adipogenic

insulin, 200 uM indomethacin medium
[158] ASC~BMSC DMEM, 10 % FCS; 0.1 mM non- 21d P2 P2
essential amino acids, 100 U/ml cultivation on

penicillin, 2000 U/ml streptomycin, silk fibroin,
0.2% fungizone, 0.5 mM 3-isobutyl-1- collagen or
methyl-xanthine, 1uM dexamethason PGA scaffolds
5 pg/ml insulin, 50 uM indomethacin in adipogenic
medium

Table 8: Overview of the studies directly comparing the adgnic differentiation capacity of ASC and BMSC

in vitro.

The adipogenic conditions applied in various stsidiee given in table 9, which indicates
great similarities concerning adipogenic media cositpon. Table 9 also provides a summary
of the results comparing the differentiation poniof ASC and BMSC towards an

adipogenic phenotype.

Although the capability of both BMSC and ASC tofeientiate towards an adipogenic

phenotype was shown, in some studies the ratiedstained area to the total area of the cells
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was significantly higher in ASC than in BMSC [14050], or the number of donors
displaying red oil O positive colonies was higher ASC than for BMSC [21]. Monaco et al
showed that the extent of lipid accumulation péfedentiated cell was lower in adipogenic
BMSC cultures than in the respective ASC cultuiteday 21, but became equal on day 28.
On day 28 however the percentage of BMSC, whidegihtiated to adipocytes, was lower in
BMSC cultures compared to ASC cultures [151]. Otp@wups stated a similar rate of red oill
O positive colonies [141, 148]. In one study, espren of PPAR and LPL was significantly
higher in induced ASC than in BMSC [140] suggestiniigher potential of ASC compared
to BMSC towards an adipogenic phenotype, whereahather study an increase in mRNA
encoding for PPAR and LPL was reported for both ASC and BMSC tdmailar extent
[142].

Activity of the lipogenic enzyme GPDH was founda® similarly increased in induced ASC
and BMSC [148]. Liu et al. found genes involvedimd metabolism like LPL, FABP4 and
PLIN, were all also up-regulated. Among these gettesse related to energy reserve and
cholesterol metabolism were expressed at highesldemm ASC compared to expression in
BMSC after adipogenic differentiation [22] - Stromgduction of LPL and adiponectin in
adipogenic cultures of BMSC and ASC was also oleskry Winter et al., whereby
expression levels of LPL in ASC were significartiigher than in BMSC [18].

Mauney et al investigated the adipogenic diffeamdn of ASC and BMSC in a 3-
dimensional environment. Four different porous 2ffold types were applied; aqueous or
1,1,1,3,3,3-hexafluoro-2-propanol based silk fibrecaffolds, poly(glycolic acid) (PGA) and
collagen scaffolds. After 21 days of adipogenictu@ both BMSC- and ASC- cultures
displayed substantial amounts of lipid accumulatetis, detected by red oil O staining. In
comparison, uninduced cultures displayed a didyiriess intense staining. Both cell types
also showed - to a similar extent - a significapiregulation of mMRNA levels for adipogenic

markers, such as PPARL58].
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According to these results, in general ASC werenshto be superior to BMSC with regard

to differentiation towards an adipogenic phenotyp2D culture.

In Vivo Sudies

The in vivo adipogenic differentiation of BMSC aA&C in direct comparison so far has not
been intensively investigated. In one study, aftdipogenic differentiation in vitro for 28
days, different scaffolds seeded with BMSC or AS@enransplanted into bilateral muscle
pouches in athymic rats (Table 9). Non-seeded aldaflserved as control constructs. After 4
weeks in vivo, in silk fibroin constructs seededhABMSC and ASC lipid accumulating cells

were detected, whereby BMSC and ASC showed sinipliak accumulation [158].

Ref. Outcome Animal Model Implant Generation in vivo Passage #
culture BMSC ASC
period

[158] AsC= muscle pouch model, rat silk fibroin, collagen or PLA 28d P2 P2

BMSC (athymic, nude); scaffolds seeded with BMSC or

implantation into bilateral = ASC, adipogenic culture for 21
muscle pouches within the days (c.f. Table 9)
rectus abdominus muscles

Table 9: Overview of the study directly comparing the adigoig differentiation capacity of ASC and BMSC in

Vivo.

Summary and Conclusions

Despite the proven potential to differentiate taygarthe chondrogenic, osteogenic and
adipogenic lineage, distinct differences in theeaktof differentiation could be observed,
when directly comparing ASC and BMSC. ASC turnetitobe superior compared to BMSC
concerning differentiation towards an adipogeniermtype, whereas BSMC displayed a

greater osteogenic and chondrogenic potential.
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In Table 4 to 9, the outcome of each comparatiueysts summarized. While for all three
lineages a clear overall trend regarding the soperll type was obvious, there were also
studies in which both types were similar. The défeces between the cited studies may be
attributed to different expansion levels of thelxelpplied as well as the application of
different culture conditions (including growth factsupplementation). Furthermore, both cell
populations are heterogeneous thus comprising dumeixof cells which might differ in
differentiation capability between studies [159].

While ASC apparently have a lower inherent potént@a differentiate towards the
chondrogenic and osteogenic lineage, applying A8Cdrtilage and bone tissue engineering
would still be of great interest due to their ensaecessibility and the larger amount of
harvestable cells. First approaches were undertak@avercome the reduced chondrogenic
capacity of ASC compared to BMSC. Modifications standard differentiation protocols
might be very promising. For this purpose, furthtesearch has to be undertaken to enlighten
the differences of BMSC and ASC concerning signgliand receptor expression. This may
enable to rationally enhance the differentiatioteptial of ASC, which would render them a

promising alternative to BMSC.
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Ear-shaped Cartilage Constructs (Chapter 3-5)

Loss of auricular cartilage due to trauma, tumasection or congenital defects remains a
challenge in craniofacial surgery [1, 2]. For exémphe incidence of microtia is 100 to 150
cases per year in Germany [39]. Surgical procedwash as costal cartilage grafts for
reconstruction of the external part of the ear @ppl autologous tissue represent the state of
the art [40]. As the cosmetic results, however, aften unsatisfactory and donor site
morbidity as well as multiple surgical procedures associated with this approach, tissue
engineering is considered to be a promising alterma

Cartilage tissue engineering using scaffolds ammhdhocytes has already been established for
several scaffold materials [3, 14]. For auriculesue engineering, the goal is to apply
custom-made scaffolds for the individual patientd ato seed them with autologous
chondrocytes in order to render an aesthetic agol® implant. Rapid prototyping allows
creation of even very complex, individual scaffoldstissue engineering purposes [42-44].

In the presented work, two different materials wapplied for the generation of ear-shaped
cartilage constructs (Chapter 3-5). As part of therk within the research consortium
‘Regenerative Implants’ (Bavarian Research Foundati the successful application of
polycaprolactone-based polyurethane (PU) scaff¢&8 in combination with long-term
stable fibrin gel [24] was transferred to the coexpkhape of the human external ear.
Cartilage development within the construct was yaeal with spatial resolution (Chapter 3).
Partial deficits in the generation of coherentitaginous tissue could be correlated to lacking
interconnectivity of the porous scaffold structufe.optimize the ear-shaped PU scaffolds, in
the complex shape of the external several matEmaiulations as well as various treatment
procedures were investigated with regard to thrapact on pore size and interconnectivity

(Chapter 4).
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Oligo (poly (ethylene glycol)) fumarate (OPF), asecond scaffolding material, was also
employed for the generation of ear-shaped cartitagestructs in combination with fibrin gel.
As with the PU scaffolds, the generation of a wa#tailed and aesthetic ear-shaped constructs
succeeded. Here, spatially resolved analysis demaseéd homogenous and coherent
cartilaginous tissue in large parts of construadjgated by intense and homogenous safranin-
O staining as well as biochemical results displgytime production of substantial amounts of

extracellular matrix (Chapter 5).

Towards Osteochondral Constructs (Chapter 6)

Osteochondral defects affect the articular camti)dmut also the underlying subchondral bone
of the joint. To date, a widely accepted treatnm@otedure for osteochondral defects is still
missing [61]. Tissue engineering of osteochondraftg has been proposed for the generation
of individually tailored constructs of defined dinmson and shape [62].

In order to yield an optimized environment for thespective cell type, well established

scaffold materials were chosen for the bone as walfor the cartilage component and

combined in a single, bilayered scaffold. To engirtbe cartilage-part the concept of seeding
chondrocytes suspended in long-term stable fibeis g PU scaffolds [24] was chosen. For

the bone part to be seeded with BMSC, a hydroxyagadsed composite scaffold was

prepared by dispense plotting, a specific rapidqtyping method. The overall goal was to

establish a system applicable for the co-cultureastilage and bone applying the materials
which were already successfully applied in the gubj'Regenerative Implants’. Here a

seeding procedure was established which facilitatselective seeding of the part intended
for cartilage with chondrocytes in fibrin gel. Tiselectivity of the seeding procedure is a
prerequisite for the success of the concept, aarwibe the composite part would not be left
free for subsequent seeding with BMSC . First stearh co-culture of BMSC and bovine

133



Chapter 9 — Summary & Conclusions

chondrocytes evidenced the effectiveness of théodetio selectively seed the respective part
of the bilayered scaffold. Having established ®ystem, a powerful tool for further research
concerning optimization of co-culture conditiongldhe time range for pre-cultivation before

transplantation is available.

Synergistic Effects of GDF-5 and Insulin — Aspectsof (Re-) Differentiation of

Chondrocytes and ASC (Chapter 7-8)

One of the major challenges in cartilage engingeisnconstituted by the limited number of

harvestable autologous chondrocytes. Frequentlyl wseansion in 2-dimensional (2D)

environment, however, is often accompanied by raedifferentiation, associated with, for

example, predominant expression of type | colla@ rendering the cell less suitable for

tissue engineering purposes [5, 74]. Growth facharge been applied either already during
expansion of the chondrocytes [75-78] or duringssgbient 3-dimensional (3D) culture [75,

78-80] to improve the quality of the generatedugss

Studies conducted in the group have previously detnated synergistic redifferentiating

effects of the protein growth and differentiatiactor-5 (GDF-5) and insulin particularly on

expanded bovine chondrocytes on PGA scaffolds [, Here, further studies were

conducted in different 3D culture systems (fibriel,gpellet). Besides juvenile bovine

chondrocytes, adult human chondrocytes were alpbeaip The synergistic effect of GDF-5

and insulin could also be proven in fibrin gel goellet culture, thus, the impact can be
considered to be independent of the chosen 3D reuliystem. The application of GDF-5

alone or in combination with insulin during the argion in 2D did not yield an enhancement
of cartilage development in subsequent 3D culture.

The study conducted with expanded adult human dloogtes revealed synergistic effects of

GDF-5 and insulin very similar to those seen fovibe juvenile cells. Redifferentiation was
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indicated by intense safranin-O staining and trednes up-regulation of the cartilage marker
type Il collagen as seen in the immunohistochemisturthermore, this up-regulation was
also detected on mRNA level. These results impdygbssible clinical relevance of applying
the combination of GDF-5 and insulin for rediffetiation of expanded chondrocytes and
thus dedifferentiated autologous cells and reptesemption to overcome the problem of the
limited availability of harvestable autologous sd€lChapter 7).

As an alternative cell source, ASC may be usectéotilage tissue engineering due to their
multilineage potential [25, 26]. Here, a first pnahary experiment was conducted
investigating the effects of GDF-5 and insulin of5@ were tested. Interestingly the
combination of GDF-5 and insulin did not exert sgngtic differentiating effects on human
ASC in contrast to expanded chondrocytes (Chapter 7

ASC can be obtained in large quantities and urmtsal lanaesthesia. In contrast, procurement
of BMSC is limited and may be associated with anfudiprocedure. The question, which
represents the preferred cell type for use in $ipeapplications, is still controversially
discussed by researchers. Reviewing the studiescthlir comparing the differentiation
capacity of ASC and BMSC towards a chondrogeniteaggenic and adipogenic phenotype
was supposed to enable more rational conclusionsagi@r 8). Despite the proven
multilineage potential of both cell types, distirdifferences were observed. Whereas ASC
appeared to have a have a higher potential forogdimc differentiation, they generally
exhibited a lower potential to differentiate towsrchrtilage and bone. Nevertheless, due to
the advantages concerning availability and procerdmASC still are an interesting cell
source for cartilage tissue engineering. First apgines were undertaken to enlighten the
reasons for the inferior chondrogenic capacity tanghcrease chondrogenic differentiation of
ASC [110, 109]. Further research has to be conduitteelucidate the differences between
BMCS and ASC, also concerning signalling and geqeession, in order to modify standard

differentiation protocols to fully exploit the paiigal of ACS also for cartilage engineering.
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List of Abbreviations

ACHMS

ActR
AdBMP
AdEGFP
ALP
ANOVA
ASC
BMP
BMPR
BMSC
CAD
CAM
CDHA
CCM
CDMP-1
COL

CT

d

2D/ 3D
p-DAB
DAPI

DBM

atelocollagen honeycomb shaped scaffolds &itnembrane
seal

activin receptor

adenovirus expressing bone morphogenetieprot
adenovirus expressing enhanced green fleemeprotein
alkaline phophatase

analysis of variance

adipose tissue-derived stem cells

bone morphogenetic protein

bone morphogenetic protein receptor

bone marrow derived stem cells

computer aided design

computer aided manufacture

calcium-deficient hydroxyapatite

complete chondrocyte medium

cartilage derived morphogenetic protein-DEEb)
collagen (gene)

computer tomography

day

2-dimensional/ 3-dimensional
p-dimethylaminobenzaldehyde
2-(4-amidinophenyl)-1H-indole-6-carboxamide

demineralized bone matrix
164



Appendices

DMEM

DNA

ECM

EDTA

EGF

FABP4

FDA

FGF

bFGF

GAG

GAPDH

GDF-5

HuGDF-5

GFP

GPDH

HA

H&E

HEPES

IGF-I

ITS

LPL

MCH

MCI

mio

Dulbecco’s Modified Eagle’s Medium
deoxyribonucleic acid

extracellular matrix

ethylenediammintetraacetic acid

epidermal growth factor

fatty acid binding protein-4

Food and Drug Administration

fibroblast growth factor

basic fibroblast growth factor

sulphated glycosaminoglycans
glyceraldehydes-3-phosphate dehydrogenasBK{pP
growth and differentiation factor-5 (CDMP-1)
recombinant human growth and differentiafactor-5
green fluorescent protein
glyceraldehyde-3-phosphate dehydrogenase
hydroxyapatite

haematoxylin & eosin
N-2-hydroxyethylpiperazine-N’-2-ethansulfoaad
insulin-like growth factor-I

insulin, transferring, selenious acid

lipoprotein lipase

polymer by polymerization of polycaprolactodie! on
mannitol, transformation with hexamethyldiisocyamnat
polymer by polymerization of polycaprolacted®l| on
mannitol, transformation with polyisophorondiisongse
million
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MSC

MVI

NEAA

OPF

PBS
PCL
PDGF
PGA
P-4HB
PLA
PLLA
PLGA
PLIN
PPARy
PU
RNA
MRNA
rpm
RT
Runx2
SD
SEM
B-TCP

T-75 culture flask

mesenchymal stem cells
polymer by polymerization of polyvalerolactom@ mannitol,
transformation with polyisophoronodissocyanate
non-essential amino acids

oligo (poly (ethylene glycol) fumarate
passage

phosphate buffered saline

poly g-caprolactone)

platelet-derived growth factor

poly (glycolic acid)

poly (4-hydroxybutyrate)

poly (lactic acid)
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