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Current visions in cartilage repair aim at movinmgnf fibrocartilaginous to a more
hyaline like repair tissue by combining autologaredls of different originsif situ
recruited orin vitro precultivated) with repair supporting biomaterial$e role of a
chondro-supportive biomaterial within a cartilageefatt is seen to support
infiltration/recruitment of chnodroprogenitor cel€PC), accelerate their chondrogenic
differentiation and to protect/modulate the nevdynfied tissue.

Overall, this thesis aimed at studying whether ification of selected substrate
interface properties allows for modulating chondoggnitor cell phenotype & function
under expansion or differentiation conditiamsvitro. The goal was to contribute to the
definition of material characteristics which couteé implemented in the design of
biomaterials in order to improve current matrixistesl cartilage repair strategies and

outcomes.

Substrate composition & architecture (Chapter I)revdound to modulate the
chondrogenic differentiation of mesenchymal stenisc@MSC). Using a di block
copolymer model substrate (Polyactive®) with a mbyerophobic composition better

supported MSC chondrogenesis, than a more hydiopbdmposition. Moreover, a



highly interconnected 3D fibre deposited scaffaldh@ecture allowed for the formation
of larger MSC aggregates and was found to condilerbetter support MSC
chondrogenesis than compression molded scaffolds.

Restricting cell/substrate interaction specifigaib an RGD-containing peptide
ligand (Chapter 1) modulated the de-differentiatiof proliferating HAC and their
subsequent capacity to form cartilaginous matrikisTdemonstrated the advantage of
small ECM fragments in combination with protein isé@nt materials to control
cell/surface interaction. An important finding wtee better maintenance of the HAC
chondrocytic phenotype during expansion. It suggdstat an RGD-restricted substrate
has the potential to improve the outcome of maiggistedn situ cartilage repair, which
initially requires recruited/infiltrated CPC to piferate, while keeping/inducing their
capacity to form cartilaginous matrix.

Substrate elasticity allowed for modulating themtirogenic commitment of HAC
(Chapter III). The finding, that a soft substrale8kPa) better supported the chondrogenic
phenotype of HAC than i.e. a stiffer substrate @&k suggests this parameter to be

promising for modulating the outcome of matrix ag=i cartilage repair.

Overall, this thesis demonstrates that substrab@egpties hold substantial potential to
modulate CPC behaviour, which could be exploitedntprove materials employed in

matrix assisted cartilage repair. Yet, although fedéntially supporting CPC

chondrogenesis, none of the substrates pease chondro-inductive (see chapter | and
[II) but required for additional, exogenic stimas for e.g. transforming growth factor
beta (TGF). Thus, modulatory substrate propersaseaarchitecture, composition, ligand
presentation and stiffness should be combined théhinstructive capacity of soluble

stimuli to exploit the full potential of biomatelsan cartilage repair.
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Cartilage

Major Types of Cartilage

Cartilage is a specialized avascular connectiwigiscomprising of only one single type
of cell called chondrocyte which is sparsely popadan a collagen and proteoglycan rich
hydrated extracellular matrix (ECM). Based on tlecbemical composition and structure
of the ECM, the mechanical properties and struttcinaracteristics of the tissue, three
major types of cartilage (elastic cartilage, filsazartilage and hyaline cartilage) can be

distinguished:

i) Elastic cartilageis found in the pinna of the ear, in the walldle# auditory and
eustachian canals and tubes, as well as in theXdamd in the epiglottis. This type of
cartilage with a more elastic property maintairisetlike structures permanently open
and provides intermediate mechanical stability.siitacartilage mostly consists of

type Il collagen matrix elements and elastic fibandles (elastin) which manifest in



aligned fiber structures. This structural compositprovides a tissue which is stiff yet

elastic.

i) Fibrocartilage is most prominently found in areas which requireager tensile
strength and support such as i.e. between intetvaitdiscs and at sites of tendons or
ligaments connected to bone tissue. Typically,oftlrtilage is found at locations
which are under considerable mechanical stresstérelon and ligaments) but still
provides properties which allow flexible body mowearh Accordingly, fibrocartilage
mainly consists of type | collagen fibers which atigned in thick fiber bundles and
chondrocytes arranged in parallel rows betweenethdgers. The fibrous type of
cartilage is usually associated with a dense cdiveetissue, namely the hyaline type

cartilage which defines the third type of cartild@e

iii) Hyaline type cartilagas the most abundant type of cartilage and is dioun
the nose, Larynx, trachea, bronchi, in the vergrals of the ribs, and at the articular
ends of the long bones. Characterized by the aeraegt of the chondrocytes in
multicellular stacks which prominently produce peyl collagen and a proteoglycan
rich matrix, the hyaline type of cartilage providae flexible support in nose and ribs
but can also sustain mechanical load during bodijomas shown at the surface of
articular joints. This hyaline type of cartilageliising as a thin layer of deformable,
load bearing tissue at the bony ends of diarthtgdiats and is more specifically

called articular cartilage (1).



Composition and Structure of Articular Cartilage

The primary function of articular cartilage is tabsorption and distribution of forces,
generated during joint loading and to provide aitdiing tissue surface which prevents
the abrading and degradation of the joint and theeisondral bone structure during joint
motion. Indeed, the articular type of hyaline dage has to bear and tolerate enormous

physical stress and load during its entire lifetime

At first glance, articular cartilage may appearbw a relatively primitive tissue, which
simply consists of chondrocytes entrapped in hydraixtracellular. However, in order to
maintain its mechanical function and integratidms ttissue reveals a unique, highly
defined structural organization that can be sulédiinto two domains, the i) cartilage

zonation and ii) the organization of the extradaHumatrix:

i) The structure and composition of the entirecattr cartilage tissue varies
according to the distance from the tissue surfankraflects its functional role.
Four different zones arranged as layers horizgntallthe tissue surface can be
distinguished and are characterized according te @éxtracellular matrix

composition and cellular morphology (see Fig. 1).

In thesuperficial zonghe layer of tissue is composed of flattened sdlig-shaped

chondrocytes and a high concentration of thin geltafibers arranged in parallel
to the articular surface (2). In this layer theipaiular matrix structure mentioned
below can not be found. The thin layer of celleasered with an acellular sheet

of collagen fibers (lamina splendes) which funcsioas a protective barrier



between the synovial fluid and the cartilage tisané controls the in- and egress
of larger size molecules (3). Its rather low perhilég regulates the diffusion
transport of nutrients and oxygen to the underlyadgilage tructures. Only within
this zone chondrocytes synthesize and secret therfezial zone protein lubricin
(4;5) responsible to reduce surface friction durjogt motion. The specific
arrangement of the collagen fibrils which lay inrglkel to the joint surface,
provides a high mechanical stability of the tistaygeer and mainly contributes to

the tensile stiffness and strength of articulatileaye (6-9).

Below the superficial zone is tmidzonewhere cell density is lower. It displays
more typical morphologic features of a hyaline i@ge with spherical/rounded
cells and an extensive extracellular matrix ricliha proteoglycan aggrecan. The
collagen fibers are synthesized at a lower quabtityshow larger diameter fibrils
which are aligned obliquely or randomly to the arar surface and describe an

intermediate structure between the superficial zorkthe adjacent deep zone.

In thedeep zonethe chondrocytes have a round morphology ancuaesged in
cell columns perpendicular to the cartilage surfathe extracellular matrix
contains a high content of glycosaminoglycans amngel diameter collagen fibers

which form arcades perpendicular to the joint stefél0).

The partially calcified zonedefines the boundary of cartilage tissue to the
subchondral bone. This rather thin layer of cacificartilage with intermediate
mechanical properties functions as a buffer betwibercartilage and bone tissue.

The cells have a smaller volume and are partiaityosinded by calcified cartilage



matrix. The chondrocyte in this zone usually pérgisa hypertrophic cell stage
which correlates with the expression of collagepety. Finally this boundary
provides an optimal integration to the subchondrahe tissue and prevents

vascular invasion.

i) In addition to the zonal segregation, the mastirrounding the chondrocytes
of articular cartilage varies in its organizationdacan be divided in three
compartments, such as the pericellular region adjat¢o the cell body, the
territorial region enveloping the pericellular nmatr and the interterritorial
compartment which defines the space between tredkdac regions (see Fig. 1)
(2).

The pericellular regionwhich is rich in proteoglycan, decorin, aggrecawilagen
type VI, and cell membrane associated molecules dikchorin and decorin (11-
13) defines a narrow rim of a filamentous matrixwak which fulfills the
functions of the interlink between the chondrocgedl body and the territorial

matrix structure.

Theterritorial region describes an envelop surrounding the cells otels cells
with their pericellular matrix. Thin collagen filtgi (most prominently collagen
type 1) bind to the pericellular matrix and formbasket like structure which
protects the cell from damage during loading anfbrdeation of the cartilage
tissue. Moreover these structures may also congrilba transmit mechanical
signals to the chondrocytes during joint-loading; {5).

The interterritorial region confines the most volume of the articular cartlag

tissue and contains intermolecular cross linkedageh fibrils (collagen type II),

-10 -



non collagen proteins and aggregates of glycopretél6). This extracellular
matrix composition provides the tissue with itsdtional characteristic to absorb

mechanical load.

Superficial cell
protein (also
| B known as lubricin)
SUPERF&%&”& | Decorin and biglycan
e - Pericellular
: region (decorin,
MIDDLE | Type VI collagen)

ZONE

Territorial region

. (more tnﬂ;ci
: recan
% DEEP ZONE | 8
recan most |
s::gonmantrated i Interterritorial
and collagen | region (degraded
content at its : aggrecan)
lowest here !
Tide mark
Calcified Type X collagen
zone | Hypertrophic

chondrocyte

/4 "B~ Subchondral
\ " A I bone
R Subchondral
bone marrow

Fig. 1 Schematic drawing of articular cartilage compositand structure. Articular cartilage can be didid#o four
different zones (superficial, mid, deep and cadfiwhich each has a characteristic compositionstnutture (inserts
show organization and relative diameters of collagecrofibrils in different zones). Reproduced fremoleet al

2001(17).
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M echanical environment in mature cartilage

Chondrocytes and cartilage tissue during joint orotare exposed to body weight load
which creates a rigorous mechanical environmentafticular cartilage tissue such as
direct compression, shear, and hydrostatic pres3ine function of articular cartilage to

undergo tissue deformation is dependent on theifgpacrangement of macromolecules

in the extracellular matrix. Especially the orgaatian of collagen fibers into a three

dimensional arranged collagen network can balarfee dwelling pressure of the

proteoglycan-water “gel” (18;19). Cartilage is cuoiesed as a viscoelastic material
composed of three principal phases: a solid phasgwosed of a dense, collagen fibrillar
network and charged proteoglycan aggregates, d flhase of water and an ion phase
with ionic species for neutralizing the charged nmacomponents (20;21). Under

physiological condition these three phases defmequilibrium where the extension of

the proteoglycan-water gel volume is restrictedtihy firm collagen frame (22). The

bound water in the cartilage tissue and finally mechanical properties of the cartilage
tissue are influenced by the interaction of watethwhe large, negatively charged

proteoglycan aggregates (23). The negatively cliapgeteoglycans mostly driven by

chondroitin sulphate residues are balanced byladogcentration of cations dissolved in
the cartilage tissue (24).

In summary, the mechanical function of articulartitege tissue bases on the matrix
structure surrounding each single cell, the arrarege of the extracellular matrix fibres

within the single zonal compartment and the prapoal composition of the different

extracellular matrixxomponents

-12 -



Cartilage Develompent

Articular cartilage as a part of the limb skelett®@velops in a well defined and controlled
multistep differentiation process of cells from theesenchymal origin (25-27). The
establishment of the cartilage structure followggmwe and distinct patterns of cell
differentiation and cell rearrangement driven byiemmental factors such as cell-cell
and cell matrix interaction, growth factor and nmtoygen mediated signaling (28;29) as
well as defined biomechanical conditions (30).

The steps of development are divided into distpltases (see Fig. 2). Initially phase
mesenchymal precursor cells migrate from the lateessoderm towards the presumptive
skeletogenic site and determine the cartilage anla@l1). Following, the epithelial-

mesenchymal interactions results in the mesenchyc@midensation. The pre-

chondrogenic condensation is a prerequisite for fthere establishment of the limb
skeleton (32) and is associated with an increasida cell contact which facilitate the

intercellular communication and the transfer of kmmmlecules between the cells (33). It
has been shown that such a high cell density isiined; to allow chondrogenic

development (34) and that the level of cell condaos correlates with the stage of
chondrogenic development (35;36). Additionally, l-ceatrix interactions appeared to
play an important role in mesenchymal condensaf®#). For example the integrin

mediated binding of chondrocytes to collagen, hasnbshown to be essential for
chondrocyte survival (38;39). Next, the overt diffietiation of immature pre-

chondrocytes into fully committed chondrocytes isnifiested by an increased cell
proliferation and by the up-regulation of cartilagpecific matrix components like

collagen type 11, IX and XI and aggrecan. In the final commitmehthe chondrogenic
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phenotype the cells reduce their proliferativesdistiand maintain the functional integrity

of the mature cartilage tissue (25-27).

The initial function of the cartilage during embnyo development is to give stability to

the embryo and serve as a template for myogenadidater for neurogenesis. Most of
the embryonic cartilage is replaced by bone duangrocess called the endochondral

ossification (40;41).

) ) ) Column Mineralization
Condensation  Proliferation formation Growth arrest Hypertrophy vascularization
& 5 o 2 - 000 {(ﬁg
. O%Es,, #% —- YY) e— lﬁ
&
I T T T iRcoo o lIRES
FgliFgtr FaliF: FgfiFglr Sox5/6/9 .
siatr i ! Ihh Hypertrobhic Apoptotic
Sox9 Sox5/6/9 Sox5/6/9 Runx123 pTHPTH®  chondrocytes chendrocytes
Bmp/Bmpr Bmp/Bmpr Bmp/Bmpr BmpBmpr  FgfiFgfr .
Runx2(P) 4
Mesenchymal Pre- Early Columnar Transﬁiﬁe.r_cnﬂaliun?
cells chondrocytes chondrocytes chondrocytes . @%9 ®
LR .P@ @@
ONO]

Osteoblasts

Fig. 2 Schematic representation of the multistep prooéshondrogenesis in the developing limb bud. Uedintiated
mesenchymal cells derived from the lateral plateaderm aggregate to form condensations, whichgunefithe future
skeletal pattern. These cells differentiate intontrocytes to undergo a series of differentiatiomcpsses including
proliferation, hypertrophy and cell death. Prolifiitng chondrocytes are eventually arranged intalfgrcolumns and
subsequently exit the cell cycle to convert intqpdrgrophic chondrocytes. Following the onset of diyophy,
chondrocytes direct mineralization and vasculatagian. On vascularization, osteoblasts are tratepdry blood
vessels into the cartilage, producing bone matsixgi the residual cartilage template as a scafflshcomitantly,
hypertrophic chondrocytes undergo programmed cedittd and are replaced by the bone matrix. Reprodfioed

Shimizuet al 2007 (42).
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During the endochondral ossification, the chondregyprogress to the hypertrophic
phenotype, which is characterized by a massivergetiaent of the cell, the onset of the
expression of type X collagen (43), an increasqaression and activity of the alkaline

phosphatase and the carbonic anhydrase and aieductthe synthesis of the type I

collagens and proteoglycan. Protease inhibitorclvprevent vascular invasion are also
reduced. Vascularization of the tissue takes plaod, most or all of the hypertrophic

chondrocytes undergo apoptosis followed by thegwasement by osteoblasts which in
turn will deposit bone matrix in the free lacunaethe cell level, the entire endochondral
ossification process can be seen as a sequentigtgssion of the three chondrocytic
phenotypes: the committed mesenchymal cell, th&erdifitiated chondrocyte and the
hypertrophic chondrocytes (44).

Within these developmental processes growth pramgotactors act on the cell and

contribute to establish a mature cartilage tissue.

Soluble Growth FactorsInvolved in Cartilage Development

Within the multi step cell differentiation process number of growth factors and
morphogens are involved and essential during clomyte maturation and cartilage tissue
formation. The most prominent growth factors beldmghe transforming growth factor
(TGF) superfamily which are responsible for chondrocpteliferation (TGFB1),
terminal differentiation (TGHB3; bone morphogenic protein; BMP) (45) or to proenot
cell-cell interaction in the early stage of chorgioesis (BMP) (46). The insulin like
growth factor 1 (IGF-1) which belongs to the IGnfly of peptide hormones (including

insulin) regulates many cellular functions duriragtdage maturation such as induction of
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chondrocyte differentiation (47) and proliferatidd8). In mature cartilage IGF-1
promotes and maintains the anabolic synthesisatpglycan and type Il collagen (49)
and inhibits the nitric oxide-induced de-differetiton of articular chondrocytes (50).
Furthermore members of the fibroblast growth fad®eGF) family of morphogenes
influence processes correlated with cell divisiow @hondrocyte proliferation and have
been shown to promote chondrocyte proliferatioa muman growth plate ex vivo culture

system (51).

Finally, only the combinatorial action of these wtb and morphogenic factors
specifically expressed in selective tissue areadifferent developmental phases and at

defined concentrations establishes the precisetateiof the articular cartilage tissue.

Articular Cartilage Defects and Self Repair

Articular cartilage lesions, caused by trauma, astendritis dissecans or as a result of
instability or abnormal loading are a common caosdisability, often associated with
pain, reduction of joint mobility and loss of fuit and can ultimately lead to
osteoarthritis. Articular cartilage has a very el intrinsic healing capacity, related to
the absence of vascularization and the preseniesvadind very specialized cells with low
mitotic activity. According to the size of cartikagissue damage in the cartilage surface,
several grades of tissue injury can be distingustwich lead to different healing

response (52-54).
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In the case of partial thickness defects, the idabkself-repair of injured cartilage tissue
goes through conserved mechanisms of cell and etisgcrosis followed by the
proliferation of surviving chondrocytes adjacentthe site of the lesion. Although these
cells aggregate in clusters and demonstrate a t@mpancreased type Il collagen
synthesis, in long term the formed tissue showsost bf hyaline like cartilage
characteristics. Thus, these chondral lesions meralanost unchanged and can proceed

towards osteoarthritic diseases (55).

In the case of full thickness defects, the lesiengtrates to the subchondral bone part
gaining access to the cells that reside in the borerow space including the
mesenchymal stem cells located therein. The regsiponse elicited by this type of
defect results in the formation of a fibrocartilagus tissue in the defect void. Anyhow,
the decreased deposition of extracellular matrmmponents and the formed tissue with
fibro-cartilage structures lack the strength, thechanical properties and duration of the
original articular cartilage tissue as it has beéemonstrated in longer time follow-up

studies (56;57).

In comparison to native cartilage, the repair #sgenerated by spontaneous self healing
commonly shows limitations in regard to its comgosi and mechanical durability (see
tab. 1) The discrepancy between native cartilagd egpair tissue increases the
probability of tissue and joint degeneration (58y @ahus spurred the the development of

articular cartilage defect treatments.
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Table 1: Cellular, biochemical and mechanical charactesstif hyaline cartilage and fibrocartilage (59)

Hyaline cartilage Fibrocartilage

Cell morphology .Supgrllcia.l zone: llbroh.las.lic . _ Mix p(}pulatiml _t.)l‘ I.’()Ul'ld a!nd

= Middle/deep zones: round/ellipsoid fibroblastic cell within the tissue
Cell organization Middle/deep zones: cells in columns Cells not organized in columns
Cellularity (% of total volume) 2-5% >10%
Total Collagen (% dry weight) 67-86% 60-70%
Collagen type I (% of total collagen) 95% <20%
Collagen type I (% of total collagen) <5% > 80%
Total GAG (% dry weight) 20-40% 2-4%
Compression moduli (MPa) 0.1-04 >1
Tensile moduli (MPa) <5 50-200

Articular Cartilage Defect Treatments

The different strategies to treat cartilage defeary from more conservative approaches,
like physiotherapeutic measures or application ledrmaceuticals (i.e. corticosteroids,

hyaluoronic acid and growth factors) towards moxasive (i.e. surgical) procedures.

Arthroscopic repair procedures

Arthoscopic lavage and debridementare often used to alleviate joint pain. Lavage
involves irrigation of the joint during arthroscqpyhile debridement is the removal of
the damaged tissue from the joint. Both of theseguiures are routinely used to alleviate

joint pain however do not induce repair of articudartilage (60;61).
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Osteochondral Transfer

Osteochondral transplantation of autogenic andyatieic tissue has been widely used to
treat predominantly large osteochondral defectdogkheic material derived from
cadaveric donors and it is indicated for large p@imatic defects of joints. Beaver et al.
(62) reported satisfactory long-term results witese grafts, but the logistic of implanting
a fresh allograft and the risk of transmitting otfen reduce the indication for this
procedure only to severe cases.Instead, autologsteochondral graft implantation,
involves the removal of cylindrical plugs of osteoandral tissue from non load bearing
regions of the articular cartilage and their impdaion into the prepared full depth defect
with press-fit fixation. This procedure is indicdti osteochondral defects of 3 to 5%cm
in young patient. It provides the re-establishifgadunctional cartilage surface which
can-absorb body weight load but has limitationeins of poor tissue integration within
the adjacent native cartilage tissue. Furthermibie surgical intervention damages intact
host tissue and might enhance the donor site moyl{&B;64).

Even though such invasive procedures hold prommk showed acceptable results in
some cases the outcome of these procedures showsall limitations in terms of

quality and reproducibility (65).

Cell Based Cartilage Repair Techniques

Based on chondrocytes

The first requirement of chondrocyte based carilegpair techniques is the excision of a
small biopsy of healthy cartilage from the patimtcell isolation and expansion. The use

of growth factors allows a higher cell proliferatioate (66) which reduces culture time
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required to obtain sufficient cell numbers. Tissugineering of cartilaginous grafts is a
challenging technique since dedifferentiation oformdirocytes, occurring during

expansion (67-69), has to be reversed by cultudells in substrates supporting a
spherical morphology, such as polymer gels (70erf2)orous polymer scaffolds (73-75).
The combination of all these steps clearly indisatet this technique is far from being

an intraoperative procedure and is time and mobaguming.

Based on bone marrow stromal cells

Bone marrow is a highly complex and organized gssuhere several types of
differentiated cells coexist with immature cellsmely hematopoietic stem cells (HSC)
which can self-renew and differentiate into all timature peripheral blood types, and
mesenchymal stem cells or marrow stromal cells (M8@t serve as long-lasting

precursors from bone marrow, bone, cartilage, amhective tissues (76-78)

Ex vivo procedure

Bone marrow mesenchymal stem cells (MSC) can ebsilisolated by their adhesion to
plastic, and grownn vitro. Monolayer expanded MSC have been shown to hame th
ability to differentiate in vitro into several mesenchymal tissue cells including
chondrocytes, osteoblast, adipocytes and tenocytken plated in appropriated
environments (79). In particular, chondrogenesiddC occurs when these cells are
cultured in three-dimensional aggregates (“pel)et&80-82) or cultured on porous

polymers in the presence of Transforming Growthtéidoeta (TGB)(83).
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MSC mobilized by microfracturing

Defects of articular cartilage that penetrate tlbchondral bone elicit an intrinsic

fibrocartilaginous repair process. Mesenchymal stefts from the bone marrow have
been proposed to be involved in this regeneratroegss. Treatment of cartilage defect
by microfracture (84) results in the formation dflaocartilaginous tissue which does not
exhibit the same functional and mechanical propgrthat native hyaline cartilage (85).

The main differences between hyaline and fibroleayg are summarized in table 1.

Recently, Kramer et al (86) showed that MSC froméamarrow migrate to a cartilage
defect after microfracturing the subchondral bone that these cells when guidiedvivo

to a collagen I/lll membrane at the site of theedefvere capable to differentiatevitro
into chondrogenic cell type under specific cultemnditions. These findings show that
while the treatment by microfracturing leads torditartilaginous tissue formation, the
cells originated from bone marrow have the capdacdtgenerate cartilaginous tissune
vitro when placed cultured under appropriate conditions.

In an attempt to enhance the filling of articulartdage defect with functional repair
tissue, collagen matrices have been used in cotgunevith microfracture (procedure
called autologous matrix-induced chondrogenesisJ@Mn dog and sheep models (87-
89). After studying then vitro chondrogenic differentiation of sheep MSC in dagen
matrix (90) Dorotkaet al (91) studied whether the implantation of such atrix,
supplemented or not with autologous chondrocyteslavéacilitate cartilage repair after
microfracturing. However, the implantation of thellagen matrix did not enhance the
quality of repair observed after microfracturindike the matrix which was cell seeded.

In a canine model, Breinagt al. (92) investigated the effect of treating a cag@lalefect
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by microfracturing in combination with a type Illllagen scaffold and demonstrated that
after 15 weeks, implantation of the matrix increhfiee amount of tissue filling in the

defect but the tissue was predomintantly fibrousature.

These findings suggest that current materials @wdndroinductive and/or mechanical
properties to properly stimulate the productionhggline cartilage by the infiltrating

progenitor cells.

Chondro Progenitor Cells

Both mesenchymal stem cells (MSC) and expandedffigahtiated human articular
chondrocytes (HAC) are known to undergo chondragedifferentiation or re-
differentiation respectively, when cultured unddrordrogenic conditions. From this

perspective, both MSC and HAC can be considereth@sdro progenitor cells.

MSC

Reservoirs of stem cells can be found throughoutrsé tissues of the adult body
and are thought to contribute to tissue regenaratpon trauma, disease or aging.
Bone marrow i.e. contains mesenchymal stem cellsctwcan be isolated by

adhesion to tissue culture plastic. When exposedatmus growth factors, these
adherent cells are capable of differentiating imtmnnective tissue lineages

including adipocytes, osteoblasts as well as clanydes (93). Chondrogenesis of
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MSC can be induced by culturing them as aggregeteshemically defined
medium containing insulin, dexamethasone, ascoduim and transforming

growth factor beta (94).

Expanded De-differentiated Chondrocytes

During expansion in monolayer, human articular cronytes (HAC) are known
to undergo rapid de-differentiatiation (95;96). @iferentiation of chondrocytes
manifests by cell morphological transition from mouto fibroblast-like, the loss
of large proteoglycans (e.g. aggrecan) and tygellagen production (97;98), and
the switch to synthesis of type | collagen, fibrame (FN), and small
noncartilaginous proteoglycans (98;99).

The use of specific factors during monolayer exmansf HAC has been shown
to accelerate the process of de-differentiation ibduces HAC to acquire a
differentiation plasticity which is similar to thadf MSC (100). Culturing
aggregates (suspension or pellet culture) of exgdide-differentiated HAC in a
medium containing the strong chondrogenic stimul@M3-3, allows for re-
induction of chondrogenic differentiation (101;102)hus, expanded/de-
differentiated HAC are not only of clinical relevanbut, owing to their plasticity,
also serve as a potent model to investigate preseassolving fate commitment

and the maintenance of mesenchymal progenitor. cells
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Designed Biomaterials to Control Cell Function

Generally, a biomaterial is any material, naturasynthetic, that comprises whole or part
of a living structure or biomedical device whichrfpems, augments, or replaces a natural
function. Natural materials can provide a physiealironment which influences cell
function (103;104), but often suffer from high toHot variability, potential pathogens
(105), and the risk to elicit an immune responsenupmplantation due to xenogenic
protein components (106;107). In contrast to nhtovaerials, synthetic materials offer
the potential for improved control, repeatabilityafety and scalability. Moreover,
synthetic materials can be specifically designedddferent length scales (molecular,
cellular and macroscopic) and thereby allow to méde targeted, physiological
environments for controlling cell function (108).

In recent years it has been recognized that biomktehave to be tailored for each
specific therapeutic application. Among the mospamant material properties to be
controlled are: i) architecture, ii) ligand pressign as well as iii) mechanical properties

(see Fig. 3) (108).

i) Architecture

The architectural organization of a biomaterial bandefined on different length
scales ranging from nano- to millimetre. In the mxamo micrometer range,
parameters like ligand presentation, cell-matantdractions, force transmission,
molecular diffusion and cell-cell interactions ayeverned (109-114). At larger
scales, the material architecture determines budkhanical properties, possible

cell seeding methods, cell migration and molecdi#usion (i.e. nutrient/waste
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exchange) (115-118). Additionally, biomaterials cgther be organized as two

dimensional (2D) or three dimensional (3D) enviremts:

o In traditional 2D culture systems, signalling antfusion are inherently
asymmetric. Still, such culturing platforms allowr fsimple observation of
cell-material interaction, and can be straightfadiya produced

(109;113;119).

o For 3D scaffolds and regenerative implants, thnegl@minant architectures
have been used: porous solids, nanofibres and gglrdMicroporous 3D
solids with cell porosities greater than the cell diamgtEl5;117;118;120)
may effectively signal as 2D surface (108anofibrousscaffolds present a 3D
nanostructured topology that resembles the filbriE&CM proteinsin vivo
(121-123), wherealsydroges simulate the hydrated structural aspect of native

ECM (96;124-127).

i) Ligand Presentation

Ligands modulate the cell phenotype in a manneewiégnt on their identity (i.e.
specificity) (128-131) mode of presentation and sitgn(132-135). Synthetic
peptide ligands are often used in place of largetepns or protein fragments
because of their stability and ease of synthesslation, and conjugation to
materials (136-141).

The ligands must be conjugated to the material pimper presentation (e.g.

surface immobilization, polymer modification, oreation of ligand macromers).
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Peptide and protein ligands are typically conjudate materials or material
building blocks via primary amines (the amino teras or lysines) or sulfhydryl
groups (cysteines). In addition, spacer arm lemagith chemistry can in general be
tuned to alter ligand availability and activity. ffhermore, the secondary and
tertiary structures of native macromolecules freqiye present ligands in a

specific spatial conformation that promotes bindimgeceptors (142).

iii) Mechanical Properties

Apart from controlling ligand identity, density aptdesentation, which determine
biomaterial/cell interaction(108), substrate medtarproperties have emerged as
important, insoluble, mechanical cues. The meclsmioperties of biomaterials
are mainly determined by its composition, watertenoty and structure, which
affect inter- and intramolecular forces as well siess distribution. Common
methods of altering the mechanical properties ofraterials include modulating
molecular composition and connectivity, thermal gessing and creating

reinforced porous composites (108).

Adhesion ligands, which bind to integrins and ottt surface receptors, serve as
mechanical transducers between the external miaaedahe internal cytoskeleton
of the cell, allowing cells to sense and respondthe stiffness of their
substrates(108). Indeed, substrate mechanical piegpenave been shown to
influence the phenotype of several members of thesemchymal lineage,

including fibroblasts(143;144), myoblasts(145;14&nd osteoblasts(110).

- 26 -



Moreover mesenchymal stem cells (MSC) have beendfdo specify lineage and
to commit to phenotypes with extreme sensitivitytissue level elasticity. Soft
substrates which mimic brain were neurogenic, estiffubstrates that mimic
muscle were myogenic and comparatively stiffer #abss that mimic

collagenous bone, proofed to be osteogenic (109).

Ligand
presentation

o
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Material
architecture

Porous solid Nanofibers Hydrogel

Material
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€ f

Elasticity Viscoelasticity
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Fig. 3 Design parameters for engineering synthetic stelinneaterials. (a) Ligand identity, density, ancgentation
from the material surface dictate interactions veigli surface receptors to alter cytoskeletal lgdsand intracellular
signaling pathways. (b) Receptor—ligand interactiares further modulated by material architecturdsictv provide a
two-dimensional (e.g. flat surfaces, microporousidsd or three-dimensional (e.g. nanofibers, hyeétsp micro-

environment for cellular engagement. (c) Also, #iastic and viscoelastic properties of the mateti@termine the
interplay between cell and material mechanics. @Bsagchematically depict mechanical properties:tielggoperties
via a stress (s)-strain (e) plot and viscoelastiperties via a complex modulus (G*)-frequencyp{f)t. Reproduced

from Saheet al. (2007) Designing Synthetic materials to Controhstell Phenotype (147).
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Need for Characterizing Parameters for Chondro-Suppe Biomaterials

Up to now there is no common agreement on whatifep@coperties a substrate (i.e. a
scaffold) should provide to autologous chondro protr (expanded/de-differentiated
HAC or MSC) cells in order for them to form hyalinather than fibrous cartilaginous
matrix. Consequently, there is a clear need fomdef biomaterial parameters from a
biological perspective. Thus, this thesis is det@iddo studying the influence of specific
tuneable controllable substrate characteristicsutface chemistry & architecture 2) cell
adhesion ligand type 3) substrate stiffness orptitential of human chondro progenitor

cells to exert their expected function.
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Clinical Relevance of Biomaterial Supported Cag#@aRepair

Since cartilage has a very limited capacity foif sepair (148), standard treatments in
attempt to overcome this limitation include the hteique of microfracturing. This

involves debridement of the damaged cartilage ailiihd into the subchondral bone to
allow for mesenchymal stem cells to invade and di¢martilagineous matrix. However,
the formed repair tissue is fibrous in nature, galhe degrades after about half to one

year post-surgery and thus the problems returngao 90% of the patients (149;150).

Current visions in cartilage repair aim at movingnh fibrocartilaginous to a more
hyaline like repair tissue by combining autologaiedls of different originsig situ
recruited oiin vitro precultivated) with repair supporting biomaterigls§1). The role of a
chondro-supportive biomaterial within a cartilageefatt is seen to support
infiltration/recruitment of chnodroprogenitor cellsaccelerate their chondrogenic

differentiation and to protect/modulate the nevdynfied tissue (152).

Thus, the ultimate goal is to improve current caliioutcome from fibrous tissue towards

hyaline-like cartilage by assisting cell based amdro fracturing stimulated repair with

supportive biomaterials.
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Fig. 1 Schematic view of cartilage repair/regeneratiogusece following micro fracturing (adapted fromtepsvise
model system for limb regeneration by Eretcal. 2004 (153)). As indicated by the grey boxes (betfb/time axis),
the repair process has been grouped into two ma@sgs consisting of i ) proliferation and ii) difatiation from
whichin vitro conditions were inferred for testing the respoofseondroprogenitor cells (CPC) to specifically maetif
substrate interfaces. Boxes with dashed lines detlmei boundary of each chapter and indicate the tfpsubstrate
property addressed therein. Chapter | aimed at natidgl CPC chondrogenic differentiation through migdifon of
substrate composition & architecture. Chapter |l eelmat modulating the phenotype of proliferating CPL b
exclusively restricting their interaction with tiseibstrate to an RGD containing peptide ligand. Chdftaimed at

modulating CPC behaviour during differentiation bgdifying the substrate elasticity.
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General Aim

Overall, this thesis aimed at studying whether rication of selected substrate interface
properties allows for modulating chondroprogenitetl phenotype & function under

expansion or differentiation conditioria vitro. The goal was to contribute to the
definition of material characteristics which couteé implemented in the design of
biomaterials in order to improve current matrixistesl cartilage repair strategies and

outcomes.

Specific Aims and Models

This thesis is divided into three chapters. Eacptér employed its own model substrates
to modulate CPC (MSC or expanded/de-differentidd&d respectively) behaviour and

had its specific aims as described below (alsd-ggel):

« Chapter |
Scaffold Composition & Architecture Modulates Chondrogenesis of Human
Mesenchymal Stem Cells
Aim: Test, whether chondrogenesis of expanded bone omarderived
mesenchymal stem cells (MSC) can be instructed/fatetl by controlled
modification of substrate composition and architest
Model: Poly (ethylene glycol)-terephtalate-poly(buthyleterephtalate block
copolymer scaffolds (PolyActive®) of two contragtioompositions (low or high
poly (ethylene glycol) content: resulting in diféet wettablity) and two

architectures generated by compression moulding)(@Mhree dimensional fibre
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deposition (3DF) with similar porosity and mechahiproperties, but different
interconnecting pore architectures were used. M&led on the corresponding
substrate were cultured under differentiation coods +/- transforming growth

factor beta 1 (TGF).

o Chapter Il

An RGD-Restricted Substrate Interface Allows for Expansion and
Subsequent Redifferentiation of Human Articular Chondrocytes

Aim: Test, whether an RGD restricted substrate interfallows for human
articular chondrocytes (HAC) growth, modulates ttipeoliferation associated de-
differentiation and/or their post-expansion chowgmic capacity.

Mode: HAC interaction with the substrate was restridi@dRGD by modifying
tissue culture treated polystyrene (TCPS) with &-fethylene glycol) (PEG)
based copolymer system that renders the surfacgta@isto protein adsorption
while at the same time presenting the bioactive tigep ligand
GCRGYERGDSPG RGD). In anin vitro comparison, HAC were cultured on
RGD and the standard substrate TCPS under expansioditions. The
chondrogenic capacity of the expanded cells wasesyuently tested in pellet

culture under differentiation conditions.
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o Chapter I11

Effect of Matrix Elasticity on the Re-differentiation Capacity of Expanded
Human Articular Chondrocytes

Aim: Test, whether substrate elasticity modulates tmdrogenic commitment
of expanded human articular chondrocytes (HAC).

Model: Providing an environment for differentiation, erdad/de-differentiated
HAC were cultured on type | collagen functionalizpdly acrylamide (PA)
substrates of contrasting stiffness (0.3, 21 anidP@5tissue culture treated plastic

(TCPS) as infinitely stiff control).
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SUBSTRATE COMPOSITION&

ARCHITECTUREMODULATES
CHONDROGENESIS OFHUMAN
MESENCHYMAL STEM CELLS
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INTRODUCTION

Using two contrasting compositions of Poly (ethgenglycol)-terephtalate-
poly(buthylene)-terephtalate block copolymer sddqPolyActive®; see Fig. 1), it was
previously demonstrated that the re-differentiaticapacity and cartilaginous matrix
deposition of expanded human nasal chondrocyteg @¢Gld be modulated (117). In
specific, the authors demonstrated that a hydrap{iiD00 PEG 70:30) as compared to a
more hydrophobic (300 PEG 55:45) composition marengly induced the chondro-re-
differentiation of NC (in absence of exogenous drostimuli, as i.e. TGF-to the culture
medium). This chondroinductive effect has mainlgmattributed to an increase in the
vitronectin/fibronectin adsorption ratio from seruoy the more hydrophilic substrate

(113).

As in recent years human bone marrow derived méayemal stem cells (MSC) have
been receiving increasing attention for regeneeatnedicine (152), we wanted to assess,
whether the chondroinductive effect of the hydréipHPolyactive® on NC also applies
for expanded MSC. Thus, expanded MSC were cultoredPolyActive® scaffolds of
different compositions under conditions published INC (117). After four weeks of
culture in DMEM complete medium, the MSC/scaffolthstructs were histologically and

biochemically analyzed for deposition of cartilamiis matrix.
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Fig. 1 Composition and architecture of Polyactive® moddabssrate used throughout

chapter one. Left panel shows a schematic drawinthe two different di block co-

polymers with a composition denoted as a/ b:c, elhemrepresents the poly ethylene
(PEG) molecular weight (g/mol) and b and c repreeweight percentage (wt%) of the
poly (ethylene glycol) terephtalate (PEGT; hydrdighi and the poly (butylene

terepthalate) (PBT; hydrophobic) respectively. Bionplicity, substrate composition 300
PEG 55:45 (hydorphobic) and 1000 PEG 70:30 (hydhaphare denoted as 300 and
1000 respecively. Right panels show three dimemsiogconstructions of compression
molded (CM) and 3D fiber deposited (3DF) architeetscaffolds from micro computed
tomography (UCT) scans as adapted from (117). Dealeepresents Imm. Compositions
and architecture were selected based on previouk imdicating their suitability for

chondrocyte culture and cartilaginous matrix forora(117).
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STUDY 1

Aim

It was investigated, whether chondrogenesis of mapd MSC can be
instructed/modulated by controlled modifications albstrate composition and
architecture. As a model system, poly(ethylene a)yterephtalate-poly(buthylene)-
terephtalate block copolymer substrates (PolyA@&jvefrom two contrasting
compositions (low or high PEG content, resultingliffierent wettablity) were used. From
these two compositions, scaffold architectures ohilar porosity, but different

interconnecting pore architectures were employed.
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Methods

Scaffold Fabrication

PEGT/PBT copolymers were obtained from CellCoTeittl{Bven, The Netherlands). 3D
scaffolds made from 300 PEG 55:45 (300) and 100G FH:30 (1000) compositions
(Fig. 1) were produced using either a compressiotdimg (CM) and particle leaching
technique (120) or a 3DF deposition technique (118} Briefly, CM scaffolds were
prepared by mixing PEGT/PBT granules with sodiuroritie grains (75% by volume),
sieved to obtain particles ranging in size from 40®00 pum. After CM under heat and
pressure, the polymerized PEGT/PBT block was themearsed in demineralized water
for 48 h to remove the sodium chloride, and driedar reduced pressure in a vacuum
oven. Porous 3DF scaffolds were constructed byessieely layering a 0-901 pattern of
molten PEGT/PBT fibers from @250pum nozzle onto a computer controllég’x table.
Fibers within each layer were spaced 1.0mm apattwiere offset (staggered) by 0.5mm
between layers to optimize the “visible” surfaaeailable for cell seeding. Square blocks
of 30x30x4mmi were produced with a consistent pore size, 100#%rdonnecting pore
volume and a porosity of 56%. Cylindrical scaffgl@s3mm in height, 4.7mm diameter,
were cored from the bulk of porous CM and 3DF b#opkior to cell seeding. Previous
thermal analysis studies have demonstrated thata@B#3DF processing techniques do
not result in changes of PEG MW or PEGT/PBT contpmsi(118). Therefore, any
differences seen in this study between architestafeCM and 3DF scaffolds should not
be related to differences in scaffold compositi@ue to enhanced instruction of
chondrogenesis in de-differentiated chondrocytesttusm 1000 chemistry (117), the

variation of architecture (CM/3DF) was restrictedhis composition.
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Cell Isolation and Expansion

Bone marrow derived mesenchymal stem cells (MSCjewabtained as described
previously (154). In brief, one bone marrow asgiratas obtained during a routine
orthopaedic surgical procedure involving exposufethe iliac crest, after informed
consent. A marrow aspirate (20 ml volumes) wasd&tad from a healthy donor (female,
34 years) using a bone marrow biopsy needle irddhmugh the cortical bone; the

aspirate was immediately transferred into a pldstie containing 15,000 IU heparin.

Bone marrow nucleated cells were counted aftenisigiiwith Crystal Violet 0.01% in
phosphate-buffered saline (PBS, both from Sigmaiéid Switzerland) and plated at a
density of 1x18cells/cnf in alpha minimal essential medium containing 4 &/mi D-
glucose, 0.1 mM non-essential amino acids, 1 mMusodoyruvate, 10 mM HEPES
buffer, 100 U/ml penicillin, 100 pg/ml streptomygciand 0.29 mg/ml L-glutamine,
supplemented with 10% FBS (all from Gibco, UWWMMEM complete ) supplemented with
5 ng/ml fibroblast growth factor-2 (R&D Systems, &&baden, D) to enhance
proliferation and enrich the pluripotent MSC popiuaa (155). MSC were cultured in a
humidified 37°C/5% C@ incubator with medium changes twice a week. MSCewe
selected on the basis of adhesion and proliferatiothe plastic substrate. Upon reaching
subconfluency, MSC were detached using 0.05% tnyp%3 mM EDTA (GIBCO-BRL,
CH) and replated at a density of 3'000 cells/¢passage 1, pl). Reaching confluency

(p2), MSC were detached and seeded onto scaffeldescribed below.
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Cell Seeding and Culture on Three Dimensional ST

Cylindrical scaffolds were prewetted with 70% etblanthoroughly rinsed with
autoclaved milliQ water, soaked in Dulbecco’s miedif Eagle’s medium (DMEM)
containing 4.5 mg/ml D-glucose, 0.1 mM non-essérdm@mino acids, 1 mM sodium
pyruvate, 10 mM HEPES buffer, 100 U/ml penicillktQ0 pg/ml streptomycin, and 0.29
mg/ml L-glutamine, 10% FBS (all from Gibco, UK; DENW complete) and blotted dry
on a sterile paper. Expanded MSC (p2; 2.5 Mio.tetid)f were allowed to clott in DMEM
complete CM for 20 min. prior to statically seedithgm onto scaffolds placed in dishes
coated with a thin film of 1% agarose. Seeding n@(scaffold was adjusted to 30ul for
the CM 300, 50ul for the CM 1000 and 37l for tid®QA 3DF to compensate for the
differential swelling inherent to the correspondingmbination of composition and
architecture. Constructs were placed in dishesedoaith a thin film of 1% agarose and
statically cultured in 2ml DMEM complete supplemashtwith 10 mg/ml insulin and
0.1mM ascorbic acid, either without or with 10ng/mMGH-3 (TGF), with medium
changes twice a week. TGF is a strong chondrostisn{@4;156) and was included in the
culture medium as a contingency measure, in casesthffoldper sewould not be
chondro- instructive/inductive for MSC. After fowveeks of culture, constructs were
harvested and processed for gene expression asasvédr histological and biochemical

analysis.

Biochemical Analysis

Constructs cultured for four weeks were digesteth \protease K (0.5 ml of 1 mg/ml
protease K in 50 mM Tris with 1 mM EDTA, 1 mM iodmdaamide, and 1@g/ml

pepstatin-A) for 15 hours at 56°C (157). The glyosoglycan (GAG) content was
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measured spectrophotometrically using dimethylmetiey blue (158), with chondroitin
sulfate as a standard, and normalized to the DNAouaty measured
spectrofluorometrically using the CyQUANT Kit (Maelar Probes, Eugene, OR), with

calf thymus DNA as a standard. GAG contents arertef asig GAG /ug DNA.

Cell Seeding Efficiency and Retention

The number of cells was estimated by measuringatheunt of DNA in protease K
digested constructs (as described in biochemicalyais). Cell seeding efficiency was
determined 24 hours after seeding (initial) andresped as percentage of seeded cells
(aliquots of 2.5 Mio. MSC from the cell suspensimed for seeding onto the scaffolds
corresponding to 100%). Cell retention was estichég measuring the amount of DNA
present in the constructs at the end of four weéksilture and comparing it to the initial

amount of DNA.

Histological and Immunohistochemical Analysis

Constructs cultured for four weeks were fixed in 48tmalin for 24 h, embedded in
paraffin, cross-sectioned (12n thick), and stained with Safranin O for sulpha®&G
(100). Sections were also processed for immunathsimistry to visualize type Il
collagen (11-116B3, Hybridoma Bank, University obwa, USA), as previously described
(159).

Structural integrity of the scaffold was better ntained on the 300 compared to the 1000
composition. For the latter, sections could beieetd only where tissue formation had
occurred. Otherwise, only small fractures of thaestaucts could be captured (Fig. 2C).

For the 3DF 1000 (Fig. 2E&F), the scaffold matevias completely lost, leaving behind
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white holes. Scaffold loss was an inevitable adefatroduced during the mounting of

histological sections (low adhesion and swellinggirent to the 1000 composition).

Gene Expression Analysis

RNA was extracted from tissue constructs using |260rizol (Life Technologies, Basel,
CH) according to the manufacturer's instructionstrécted RNA was treated with
DNAse following the instructions of the Rneasy Kitmbion, Austin TX). cDNA was
generated from total RNA using reverse-transcrgpt8sratascript (Stratagene) in the
presence of dNTP and DTT. Real-time PCR reactioasevperformed and monitored
using the ABI prism 7700 Sequence Detection Sysaéewoh the Sequence Detector V
program (Perkin-Elmer Applied Biosystems). cDNA géas were analyzed for type | &
Il collagen and for the housekeeping gene (18Ssdbwml RNA), using previously
described sequences of primers and probes (108h E2aNA sample was assessed in
duplicate and the collagen mRNA expression levageevwmormalized to the corresponding

18S rRNA levels.
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Results

One day after seeding expanded MSC onto the sdaffdhe constructs with CM
architecture revealed a higher seeding efficieneytree 300 (742%) compared to the
1000 (622%) composition as determined by the amount of DNWr the 1000
composition, a change in scaffold geometry from @M3DF enhanced the seeding
efficiency (723%). The presence of TGF did not change the seeffigency (<&5%
vs (-) TGF) and the fraction of cells released te thedium was always below A3%.
After four weeks of static culture, the retentidri5C on the PolyActive® scaffolds was
estimated by measuring the amount of DNA presenthm constructs (Fig. 3A).
Generally, the CM scaffolds maintained their inildNA level throughout the four weeks
of culture, and there was even a slight increa$&9%) in DNA on the 300 composition.
On the 3DF architecture in contrast, the final DN&el nearly dropped to half (57£5%)
of the initial level. Overall, MSC retention on RAttive® did not seem to be affected by

the presence of TGF in the culture medium.

Constructs cultured for 4 weeks were formalin fixpdraffin embedded and stained for
glycosaminoglycans (GAG) with safranin O (Fig. Pespite for the CM 1000 where
little to no tissue could be retrieved, MSC weré&db deposit matrix in all conditions. In
absence of TGF (Fig. 2A, C, E) formed tissue wasdpminantly fibrotic, showed no
GAG deposition and even became necrotic in paits @, upper left corner of inset
detail view). In presence of TGF, GAG depositionswaintly more visible on the 300

(Fig. 3B) than on the 1000 (Fig. 3D) compositionthaCM architecture. Strongest GAG
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CM 300

CM 1000

3DF 1000

Fig. 2 Light microscopy images of safranin O stained :(rgigcosaminoglycans, GAG), representative histiaialg
cross-sections of MSC cultured on PolyActive® foulf weeks without (A, C, E) or with (B, D, F) chondemic
stimulus TGF. Small insets show higher power maggiions of large sections shown in correspondamgd panel. In
F, the upper insert shows a type Il collagen sthseetion consequtive to that stained with safr&hijirectely below).
Polyactive® composition were 300 PEG 55:45 (300;B)&nd 1000 PEG 70:30 (1000; C-F) in either compoess
molded (CM; A-D) or 3D fiber deposited (3DF; E&F)chitecture. Structural integrity of the scaffold svhetter
maintained for the 300 (brown structures) compaoetthe 1000 (violet structures) composition. Far tatter, sections
could be retrieved only where tissue formation bedurred as i.e.for C, only small fractures of thastructs could be
captured. In E&F the scaffold material was compyelast, leaving behind white holes. Scaffold legss an inevitable
artifact introduced during the mounting of histdad sections (low adhesion and swelling inheremtttte 1000
composition). Despite strong focal GAG stainingtbhe 3DF 1000 (F), deposited tissue in A-E was md#irotic,
showed little to no GAG accumulation and in E (upleé corner on inset) even displayed necroticipas. Scale bars:

400 um (large panels), 100 um (insets).
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staining and presence of rounded cells was detecteéde 3DF 1000 in presence of TGF
(Fig. 2F). Only for this condition, collagen typel Ilcould be detected by
immunohistochemistry (Fig. 2F upper inset).

Quantitative, biochemical analysis of accumulatelGG(Fig. 3B) matched with the
histological findings. The marginal amounts of GBGIA deposited in the absence of

TGF were increased by 2 to 4-fold in presence ofTf@aching the highest value on

3DF1000.
A B
14 12 -
12 - ~ 10
12: % g
Z 6
° z .
: ol mm
0 Nl
300 | 1000 | 1000 | 300 | 1000 | 1000 300 ‘ 1000 | 1000 | 300 ‘1000 1000
cM 3DF cM 3DF cMm 3DF cM 3DF
(-) TGF (+) TGF (Y TGF (+) TGF

Fig. 3 MSC retention and glycosaminoglycan (GAG) accutimtaafter 4 weeks of culture on Polyactive® sclaffo
without or with chondrogenic stimulus TGF. Panetli&plays the initial amount of DNA (white bars) atidit found
after four weeks (black bars) of culture. Despite tmarginal increase in DNA on the 300 PEG 55:480)3
composition, the compression moulded (CM) scaffaofdgeneral maintained their initial DNA level tlughout the
culture period. On the 3D fiber deposited (3DF)ffetds in contrast, initial DNA levels were almdsalfed (525%).
The presence of of TGF did not change this patteamel B shows the amount of accumulated GAG (nazethls.
Amount of DNA at the end of culture) as determifédchemically. The addition of TGF raised the bdsakls of
GAG/DNA by 2 to 4-fold. The highest GAG/DNA valueaw reached by the 3DF 1000 while comparing the CM
architecture only, the 300 tended towards highetGEMNA than the 1000 composition. Error bars repneshe
standard deviation.Comparing the CM architecturey,otthe 300 tended towards higher values than th@0 10

composition.
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Expression levels of mRNA (Fig. 4) revealed morastic differences than revealed by
the accumulation of cartilaginous matrix but folledvthe same trends/patterns. Type |
collagen mRNA (indicator of fibrocartilage) express was always expressed more
strongly than type Il collagen (indicator of hyairtartilage). Most drastic were the
MRNA expression changes introduced by adding TGhi¢clwin average raised type |
collagen ~300-fold and type Il collagen by sevewaders of magnitude (4.5E+6). In
presence of TGF, highest type Il collagen mRNA egpion was found on the 3DF 1000
which was four orders of magnitude higher than fbahd on CM of the same chemistry.
Comparing the CM architecture only, type Il collagaRNA was more than 40 times

higher on the 300 than it was on the 1000.

1.E+04 - 1.E+02 -

1.E+00 -

1.E+02 -
1.E-02

1.E-04 -
1.E+00 -

1.E-06 -

1.E-08

300 | 1000 | 1000 | 300 | 1000 | 1000

Type | Col mRNA expression/2*(HK-G.o.l)

Type Il Col mMRNA expression/2*(HK-G.o.l)

() TGF (+) TGF (-) TGF (+) TGF

Fig. 4 Type | & Il collagen mRNA expression of MSC cultar for four weeks on Polyactive® scaffolds without
with TGF. Genes of interest (G.0.1) were normalizadhousekeeping gene (HK) 18S. Panel A: type | gelta panel

B: type Il collagen. Error bars indicate standardiakgon.
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Discussion

Using two contrasting compositions and architecuseaffolds made of PolyActive®

wereper senot able to induce chondrogenesis in MSC. Howearegsresence of exogenic

chondrogenic stimulus TGF, chondrogenesis coulddserved which tended to be better
supported by the more hydrophobic 300 compositiod was further enhanced by
changing the scaffold architecture from CM to 3DFhese findings indicate, that

controlling scaffold composition and architectuseimportant to support, byer senot

sufficient to instruct/induce chondrogenesis in MSC

Marginal proliferation in any of the conditions éxdes the possibility that
chondrogenesis was indirectly regulated througfewtiftial cell proliferation. Although
initially cell seeding efficiency was comparableah the conditions, a marked loss of
cells from 3DF 1000 scaffolds over four weeks dfune reveals a low affinity of MSC
for this combination of composition and architeetand prompts for very careful liquid
handling during medium changes. Since histologseaitions indicate that this cell loss
did not lead to an obvious decrease in local aalisity (1000 compostition; 3Dis. CM)
this unlikely affected chondrogenesis of the regdinemaining MSC.

In contrast to the findings with nasal chondrocy{@47), non of the PolyActive®
compositions and architecture compositipes seallowed for chondrogenesis in MSC.
However, supplementing the culture medium with T&nulated chondrogenesis in
MSC and revealed this process to be slightly maddldy scaffold composition and
more strongly by its architecture. Although sebeelly adsorbed serum proteins (113;160)
on the scaffold surface has been reported to icistuman chondrocyte re-differentiation

(117), this stimulus alone does not seem to suffice instructing chondrogenic
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differentiation in less committed cells as i.e. MSI@ this light, it appears more
appropriate to consider the applied scaffold makerchondro-supportive, instead of
chondro-instructive. Also, further investigationsh dhe influence of PolyActive®
compostition and architecture on MSC differentiatghould be perfomed in presence of
a chondrogenic stimulus. A common approach to iadcicondrogenesis in MSC, is
supplementing the culture medium with a strongedéhtiation stimulus as i.e. TGF
(94;156). As an alternative to, exogenous solulffieréntiation stimuli, MSC could be
exposed to paracrine signals present in an ostedcalomicroenvironment (161). To this
end, a recently introduced ectojiicvivo mouse model for human cartilage repair could
offer an experimental solution (162). Therein, a®@Aaffold construct could be placed
in a defined osteochondral defect (disk from hurfeanour head explants) and cultured

subcutaneously in a nude mouse.

In presence of TGF, chondrogenesis of MSC alwalyswed the same trend which was
3DF 1000 > CM 300 > CM 1000. Thus both, scaffoldnposition and architecture
appeared to modulate MSC chondro-differentiatiohatTthe 300 composition better
supported chondrogenesis, contradicts previousriedor nasal chondrocytes (NC)
which showed superior chondrogenic differentiattonthe 1000 (117). Yet, despite the
plasticity of expanded NC (unpublished results),0M&e presumably more progenitor-
like. Thus, they could be more sensitive to pas#ingugh developmental checkpoints as
i.e. cellular condensation to enter chondrogenfterintiation. Therefore, MSC could
profit from higher fibronectin (FN) concentratiomegent on the 300 than on the 1000,
since FN plays a crucial role in aggregation ofsceito mesenchymal condensations
(163). In the developing limb bud, cellular condatien is a key step for chondrogenesis

of mesenchymal cells as it allows for the apprdprimicroenvironment through
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homotypic cell-cell interactions (for review see64)). In contrast to MSC, to de-
differentiated chondrocytes (as i.e. NC), whicheatty have already passed through
condensation once, FN likely provides a differaimhslus as i.e. spreading (117), which
is known to interfere with re-differentiation (165While this explanation is quite
speculative, there is no doubt that that NC (neatoderm) and MSC (mesoderm) are of
quite different germ layer origin and thus likebact to the same stimulus in a different
manner.

The higher degree of chondrogenic differentiatiordrated by the 3DF architecture
(comparing 1000 composition only) is in line withdings for human nasal chondrocytes
(117). Lower structural complexity and bigger agergore size of the 3DF facilitate
diffusion rate of nutrients and gases as well asteveemoval and likely contribute to this
effect (116). Moreover, the low affinity of MSC ftine 1000 composition combined with
the low structural complexity of the 3DF architageti.e. high interconnectivity of the

pores) could facilitate MSC condensation into lamggregates.

Outlook

Due to its superior performance, follow-up inveatigns of substrate chemistry influence
on MSC chondrogenesis could be restricted to the &i@hitecture. However, this should
be preceded by an optimization of the cell cultoretocol in order to prevent cell loss.
Under optimizedin vitro conditions, the effect of substrate chemistry #thobe

reassessed with MSC from another donor, to tesioihestness of the observed effect.
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STUDY 2

Aim

It was investigated, whether chondrogenesis of mapd MSC can be
instructed/modulated by controlled modifications etaffold composition under
optimized in vitro conditions. As a model system, poly(ethylene dlyterephtalate-
poly(buthylene)-terephtalate block copolymer sddfo(PolyActive®) with 3D fiber

deposited (3DF) architecture of two contrasting positions (low or high PEG content,

resulting in different wettability) were used.
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M ethods

Scaffold Fabrication

See study 1. Compared to the compression molded,(@ 3D fibre deposited (3DF)
scaffolds better supported chondrogenesis of MS@usT in this study scaffold

architecture was focussed on 3DF.

MSC Isolation and Expansion

For this study, a bone marrow aspirate (20 ml v@ufrom a healthy donor (male, 44

years) was used. MSC were isolated and expandaelsasbed in study 1.

Optimization of in vitro Culture Conditions

Based on the findings of the previous study,ithétro culture conditions were optimized
for this study. In particular, i) medium compositiand ii) cell retention were optimized

as follows:

I) The composition of chondrogenic differentiatioredium which was adapted
from that previously used for nasal chondrocytessulted in limited
chondrogenesis of MSC (see study 1). Since foebtaine serum suppressed
TGRB-1 induced chondrogenesis in synoviocytes pelld#tiei (166) a serum free
medium chondrogenic medium (102) was tested astemative to the previously
used serum containing medium (DMEM complete; seadyst1). The

chondrogenesis of MSC in presence or absence amseras investigated in
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Fig. 5 Light microscopy images of Safranin O stained (glgfcosaminoglycans, GAG), representative histiaialg
pellet cross-sections. To test whether chondrogemdsMSC could be improved using a serum free on@diMSC
were cultured as pellets in either (A) 10% serumtaiming DMEM complete medium as applied for studyor (B)
serum free medium (SFM), or to isolate the effdcsayum in (C) SFM supplemented with 10% serum. firowdate
chondrogenesis, all media contained 0.1 mM asceatiit, 10 mg/ml insulin and 10 ng/ml transformirgwgth factor
beta 1 (TGF). MSC aggregated with fibrin glue (Drevalso cultured in SFM chondrogenic medium. Was done to
isolate the effect of fibrin glue on the chondroggis of MSC as it was included in this study torioye MSC retention

on the 3D fiber deposited scaffolds. Scale bar6ub® (large panels), 400um (small panels).
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pellet cultue (see Fig. 5A&B). In brief, aliquot§ 6x10° MSC/0.5ml were
centrifuged at 250 g for 5 min. in 1.5 ml polyprégne conical tubes (Saarstedt,
Numbrecht, Germany) to form spherical pellets. Ehesllets were cultured either
in serum containing DMEM complete (see previougslgtuor in a chemically
defined, serum-free medium (SFM), which consistsDMEM containing 4.5
mg/ml D-glucose, 0.1 mM non-essential amino aclds)M sodium pyruvate, 10
mM HEPES buffer, 100 U/ml penicillin, 100 pg/mlegptomycin, and 0.29 mg/ml
L-glutamine (all Gibco, UK). To isolate the effecf serum, SFM was
supplemented with 10% FBS. Additionally, all mediere supplemented with the
chondrogenic factors IT$ (10 pg/ml insulin, 5.5 mg/ml transferrin, 5 ng/ml
selenium, 0.5 mg/ml bovine serum albumin, 4.7 mdindleic acid), 1.25 mg/ml
human serum albumin, 0.1 mM ascorbic acid 2-phdasphend 10 M
dexamethasone (all Sigma Chemical, USA) and 10 ng@&F-$1 (R&D, UK).
Pellets were cultured for 4 weeks at 37°C / 5%,G&th medium changes twice
per week.

Light microscopy images of safranin O stained repneéative histological pellet
sections revealed that not only the SFM medium awgd the chondrogenesis in
MSC but also that serum had a negative effect tmeesnd even led to necrosis

(see Fig. 5C).

i) As on the 3DF scaffold with the 1000 compositialmost half of the initially
seeded MSC were lost throughout the culture pelovd concentration fibrin glue
(FG; TISSEEL® kit, Baxter, Vienna, Austria, dilutid:16) was used to improve
cell retention. Fibrin glue consists of a fibrinoegaprotinin solution (contains

Factor XIIl), which coagulates when combined wittrombin and calcium
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chloride. Taking advantage of FG mediated coagnatihomogenous cell
distribution and quantitative seeding efficiency swachieved on 1000 3DF
scaffolds (data not shown). To test whether FGrfietes with chondrogenesis, FG
entrapped MSC were cultured in chondrogenic diffeadion medium (see Fig.
5D). For this, aliquots of 5x2MSC/0.5ml were centrifuged at 250 g for 5 min. in
1.5 ml polypropylene conical tubes (Saarstedt, Niett, Germany). The pellet
was resuspended with 52 pl of 7 mg/ml fibrinogelutsan (contains aprotinin as
a protease inhibiting FG stabilizer) and the cedipension transferred to a conicial
polypropylene tube containing 10 pl of 31 U/ml tmiwn in solution (in 40 mM
CaCb) where the mixture was allowed to clot. FG entepISC cultured in
SFM supplemented with chondrogenic factors (asriest above) for four weeks
of culture (Fig. 5D) were comparable to conventlgellets (see Fig. 5B) in their
accumulation of GAG. As FG was not found to intexfewith MSC
chondrogenesis, FG was applied in this study tamope MSC retention on the

3DF scaffolds as described below.

Chondrocyte Seeding and Culture on Three Dimensioaffolds

Cylindrical scaffolds were prewetted with 70% etblaand thoroughly rinsed with

autoclaved milliQ water. Prewetted scaffolds weraked in DMEM complete for 1 hour.

This allowed for differential adsorption of serunmmofgins on the two contrasting

compositions, and has been described to be regperisr their difference in modulating

chondocyte redifferentiation (113). Subsequenthe scaffolds were blotted dry on a

sterile paper, loaded with a corresponding voluB@O1( 25 pl; 1000: 5ml) of 31 U/ml
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thrombin in 40 mM CaGlsolution and placed in an agarose coated 12 e for 5
min. before blotting dry again. Holding the scadfaVith forceps, P2 expanded MSC (2.5
Mio/scaffold) in the corresponding volume (300: R% 1000: 55ul) of 7 mg/ml
fibrinogen (in the supplied aprotinin solution) weseeded onto the scaffolds. Seeding
volume/scaffold was adjusted to compensate fordifierential swelling inherent to the
corresponding composition. The cell loaded constuas placed on top of 10 ul 31 U/ml
thrombin solution (in 40 mM Cag)lin an agarose coated 12 well plate and allowed to
stand for 2 min. prior to adding the correspondingdium. Constructs were statically
cultured in 2ml of either DMEM complete or SFM sigmpented with 10 mg/ml insulin,
0.1mM ascorbic acid and 10ng/ml TEB (TGF) for 4 weeks, with culture medium
changes twice a week. After harvesting, construeiee processed for histological and,

biochemical or gene expression analysis.

Biochemical analysis, cell seeding efficiency & emtion, histological &

immunohistochemical analysis: see study 1.
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Results

One day after seeding expanded MSC onto the sdafiiding fibrin glue (FG), seeding
was found to be quantitative and comparable on bodfffold chemistries. With 34.0%

for the 300 and 1@4.1% for the 1000 composition, the seeding efficyewas more than
20% higher than that achieved previously withoutdfBDF 1000 (see study 1).

After four weeks of static culture, the retentidri5C on the PolyActive® scaffolds was
estimated by measuring the amount of DNA presernhénconstructs (Fig. 7A). There
was a slight loss of DNA on the 300 compositionahhiended to be stronger in presence
of serum (DMEM complete; #40%) than in serum free medium (SFM+5%). On the
1000 in contrast, the final amounts of DNA werer@ased and tended to be higher in the

absence of serum (2I3%) than in DMEM complete £8%).

Constructs cultured for 4 weeks were formalin fixpdraffin embedded and stained for
glycosaminoglycans (GAG) with safranin O (Fig. B)all conditions, MSC were able to
deposit matrix, which in presence of serum was gredantly fibrotic and showed no
GAG deposition (Fig. 6A&C). All constructs were apsulated by several layers of cells
with flattened morphology. This capsule was detisieker where serum was present and
thinnest for the 300 composition in absence of reer8ome core regions seem to have
become necrotic as they contain a dense aggregatimunclei (Fig. 6 lower left panels in
A & B; blue dots). In absence of serum, GAG stagnimas faint on the 1000, clearly
stronger on the 300 and for both compositions nmisinse just beneath the construct
periphery. On the 300, the staining additionallpcateed into the core regions of the

construct.
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DMEM complete

A

3DF 300

3DF 1000

Fig. 6 Light microscopy images of Safranin O stained (mglgfcosaminoglycans, GAG), representative histiaialg
cross-sections. MSC cultured on PolyActive® forrfeveeks in either serum containing (DMEM complete:C) or
serum free (SFMCh: B, D) medium supplemented withndhegenic factors including 10 ng/ml TGF. Polyae@v
architecture was 3D fiber deposited (3DF) with anposition of 300 PEG 55:45 (300; A&B) and 1000 PHB3D
(1000; C, D). Small panels (left: core region, righeriphery) show higher power magnifications ofresponding
overview panel. Structural integrity of the scaffolround, brown structures) was better maintained thie 300
compared to the 1000 composition. Scaffold loss wasinevitable artefact introduced during the mogntof
histological sections (low adhesion and swellinpeirent to the 1000 composition). Fibrin glue immdwissue
integrity and allowed for preparing entire histata cross-sections. In all conditions, MSC werdeatn deposit

matrix, which in presence of serum was predominditilotic and showed no GAG deposition (A&C). Abbrestructs
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were encapsulated by several layers of cells vétttehed morphology. This capsule was denser/thigkeere serum
was present and thinnest for the 300 compositi@bsence of serum. Some core regions seem to bavenk necrotic
as they contain a dense aggregation of nuclei ¢(idefe panels in A & B; blue dots). In absence ofuse, GAG

staining was faint on the 1000, clearly strongerttom 300 and for both compositions most intense ljeseath the
construct periphery. On the 300, the staining @amlthdly reached into the core regions of the camtstrScale bars: 800

um (large panels), 200 um (small panels).

Quantitative, biochemical analysis of accumulatedGG(Fig. 7) matched with the
histological findings. In presence of serum, GA@ation remained marginal and was
only slightly higher on the 300 (28%) than on th@0Q composition. Compared to
DMEM complete, SFM allowed for increased GAG acclation (300: 2.5x; 1000: 1.4x)
and was 2.3x higher on the 300 than on the 100Qposition. Constructs with the 300
compositon reached approximately 70% of the GAG/Dsvel found in pellet controls

(data not shown).
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Fig. 7 MSC retention and glycosaminoglycan (GAG) accutioieover 4 weeks of culture on Polyactive® scaffoin
presence of (DMEM complete) or without serum (SFManel A displays the initial amount of DNA (whibars).
Measurements were only done for constructs in S&vthey are not thought to be affected by mediumpasition in
short term (24 hours). Black bars show the amoubtNA found after four weeks of culture. All conditis maintained
their initial DNA levels or even permitted for aroderate increase (<27%) throughout the cultureogeifhe average
increase was higher in SFM than in presence ofsePanel B shows the amount of accumulated GAG (akized vs.
the mount of DNA at the end of culture) as deteedibiochemically. In presence of serum, GAG dersitemained
marginal and was only slightly higher on the 308%# than on the 1000 composition. In contrast toEMicomplete
however, SFM allowed for increased GAG accumulafBB0: 2.5x; 1000: 1.4x) which was 2.3x higher loa 800 than

on the 1000 composition. Error bars representttnedard deviation.

Discussion

Using two contrastingly different compositions, féolals made of PolyActive® did not
support chondrogenesis in MSC if serum was presettie chondrogenic medium. In
absence of serum however, chondrogenesis couldofened and tended to be better
supported by the more hydrophobic 300 compositidhis finding indicates, that
controlling scaffold composition can be employedupport chondrogenesis in MSC, but

strongly depends on additional soluble instrucingrictive stimuli like i.e. TGF.
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For both substrate compositions, fibrin glue madifiseeding allowed for quantitative
seeding efficiency and cell retention, while chawggito a serum free chondrogenic
medium allowed for improved MSC chondrogenesis.

An adverse effect of serum on MSC chondrogenesssavalent in both pellets (Fig. 5C)
as well as in constructs (Fig. 6). This observai®nn line with previous findings in
which serum has been found to suppress TGF indabeddrogenesis in synoviocyte
pellet culture (166). Although, constructs weretadd in serum free medium, prior to
cell seeding substrates were soaked in serum oamjamedium. This should have
allowed for composition inherent, differential seruprotein adsorption which has
formerly been argued to be the key to the diffeatnsupport of chondrogenic
differentiation on Polyactive® substrates of costirey chemical compostition (113).
Fibrin glue (FG) could potentially mask this proieteous interface amd thus was applied
at a diluted concentration. However, under comgarahlture conditions as applied in
this study, chondrocytes were capable to degrade bigher concentrated FG after two
to three days (167). Similar behaviour may be etquefrom MSC due to their ability to
secrete fibrinolytic enzymes which facilitate thegdadation of fibrin clots (168). Thus,
altough FG may have delayed MSC/substrate-interiiaisgaction it unlikely has been
able to ultimately mask it. This view also findgpport by the fact that although FG was
present in this study, the trends for the substrateposition observed in study 1 could be

reproduced.
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CONCLUSION STUDY | & Il

Taken together, in both studys substrate compaosi&o architecture was found to
modulate the chondrogenic differentiation of MS@ai the di block copolymer model
substrate (Polyactive®) with a more hydrophobic position better supported MSC
chondrogenesis, is likely associated with diffei@nprotein adsorption (from serum
containing medium). However such proteinaceousrfetes are rather complex with
regard to protein composition and conformationébar This conceals the specific cues
responsible for mediating the observed effectsthod strongly prompts for reducing the
substrate interface complexity in subsequent ingasons of chondroprogenitor cell-

substrate interactions.
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RGD-+EPTIDERESTRICTED
INTERACTIONS WITH A
PROTEIN RESISTANT
SUBSTRATE ARESUFFICIENT
FORHUMAN ARTICULAR
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GROWTH & MAINTENANCE OF
CARTILAGE

FORMING CAPACITY
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ABSTRACT

This study aimed at testing whether an RGD-restlicubstrate interface is sufficient for
adhesion and growth of human articular chondroc{#sC), and whether it enhances
their post expansion chondrogenic capacity. HAGIgake interaction was restricted to
RGD by modifying tissue culture treated polystyreff€€PS) with a poly-(ethylene
glycol) (PEG based copolymer system that renders the surfesistant to protein
adsorption while at the same time presenting tleadiive RGD-containing peptide
GCRGYERGDSPG RGD). As compared to TCPS, HAC cultured RGD spread faster,
better maintained their chondrogenic phenotype &ad a lower spreading area.
Attachment and proliferation, as well as type lllagen mMRNA expression in the
subsequent chondrogenic differentiation phase, wiendar to those of HAC cultured on
TCPS. In contrast, cartilaginous matrix deposition HAC expanded orRGD was
slightly but consistently higheRDG (bioinactive peptide) anBEG (no peptide ligand)
controls yielded drastically reduced attachment andliferation, thus indicating
specificity of RGD. The restriction of cell-substrate interactions R&D could be
implemented in materials for cartilage repair, vefiogr in situ recruited/infiltrated
chondroprogenitor cells would proliferate while mtaining their ability to differentiate

and generate new cartilage tissue.
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INTRODUCTION

Human articular chondrocytes (HAC) have receivezhgattention in the context of cell-
based repair of cartilage, whipler sehas a very limited regeneration capacity (148)e On
of the current therapies to overcome this limitai®to restore the damage by autologous
chondrocyte implantation (ACI) (169). In this prdoee, HAC are enzymatically
extracted from a small articular cartilage biopsyl subsequently expanded vitro to
obtain a sufficient number of cells for implantatioDuring expansion, HAC de-
differentiate and their redifferentiation capacitg often limited (95;96). De-
differentiation of chondrocytes manifests by cebbrphological transition from round to
fibroblast-like, the loss of large proteoglycansg(eaggrecan) and type Il collagen
production (97;98), and the switch to synthesisype | collagen, fibronectin (FN), and
small noncartilaginous proteoglycans (98;99). Thises the problem, that subsequent to
monolayer culture the de-differentiated chondrogyteve the propensity to produce
fibrocartilaginous tissue which is of inferior megtical quality as compared to hyaline
cartilage.

Tissue culture treated polystyrene (TCPS; gas @aactivated polystyrene) currently is
the gold standard substrate for HAC monolayer egioan It readily adsorbs proteins that
are present in serum containing culture mediumckwhapidly leads to the formation of a
proteinaceous adlayer, determining the subsequelhtwrface interaction (170). The
nature of such interfaces is highly complex withamel to composition and conformation
of the adsorbed proteins (171). Since the bioldgghondrocytes is highly influenced by
interactions with specific extracellular matrix (B¢ molecules (172;173), controlled
modification of cell culture substrates with biolcgj motives has the potential to

improve HAC expansion strategies.
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A typical approach to investigate substrate effectzhondrocyte phenotype has been to
coat TCPS with specific ECM-protein solutions. Asmpared to on plastic substrates,
chicken epiphysial chondrocytes longer retainedr thative morphology on type I
collagen coatings (129), and rabbit articular chioogtes better preserved their
phenotype on type | collagen (128). In contrastydéxer, other studies showed that the
expression of type | and Il collagen by chondrosyteas not altered in response to
substrates coated with either type | or Il collagen fibronectin (174;175). The
controversial results could at least partially e do the fact that simple application of
natural protein layers lacks control over the pméston of active ligands to the cells
(176). In fact, protein adsorption is generally gamed by electrostatic interactions, van
der Waals forces and short range repulsion forees @ccurs randomly in various
different orientations of the protein (177). Alsbhas been demonstrated on a variety of
surfaces including TCPS, that adsorption can indzm#dormational changes in several
different proteins as for example in collagen agslits in alteration of the native protein
biological activity (for review see (178)). The @n@inties introduced by working with
natural protein layers has driven the developmemt aynthesis of materials which
provide full control over the ligand-receptor irgetions (179), not only for optimizing
cell culture labware but also for the developmehtsmart materials in regenerative
medicine.

The peptide sequence RGD is present in several R@k&ins like fibronectin, collagens
and vitronectin and not only serves as the minireglirement for integrin-mediated cell
anchoring (180), but also provides signals which mwepdulate chondrocyte morphology,
motility, proliferation and differentiation. Miceith a cartilage specific deletion of beta 1
integrins have abnormally shaped chondrocytes,ftilato arrange into columns within

the growth plate and show a decreased proliferatts (181). In the developing mouse
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zegopod, it was even shown, that blockafg31 integrin interaction with RGD from the
ECM inhibits pre-hypertrophic chondrocyte differatibpn and eventually leads to
apoptosis (182). Although a great variety of maisrhas been modified with RGD, their
in vitro biological effect has largely been tested on ahowh lines and often restricted to
cell attachment, morphology and proliferation, mottaving unadressed the impact on
the cell phenotype and on the cell differentiattapacity (for review see (141)). No study
has yet assessed primary human articular chondraypansion on a fully controlled,
RGD-restricted substrate.

In this work, we tested whether an RGD-restrictatdssrate interface is sufficient to
allow for HAC adhesion, growth and maintenance ftg thondrogenic capacity. In
particular, HAC attachment, spreading Kkinetics, photogy, proliferation, gene
expression and post-expansion cartilage formati@enewassessed on a poly-(ethylene
glycol) (PEG) based copolymer system that renders the surfesistant to protein
adsorption while at the same time presenting tleadiive, RGD-containing peptide
GCRGY®RGDSPG RGD) (183-185). HAC culture oiRGD was compared to that on
tissue culture treated polystyrene (TCPS, standarostrate) and on contrd?EG

substrates, without or with the scrambled sequ&&.
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METHODS

/ HAC Isolation \ / HAC Expansion \ / HAC Redifferentiatioh

on *TCPS +RGD +«RDG -PEG
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Fig. 1: Schematic view of the experimental design. Subseqto isolation from three different donors (adg® 5
66years), human articular chondrocytes (HAC) wepmagrled either on RGD-functionalized PQtPEG (RGD) or the
standard substrate, tissue culture treated pobrsty(TCPS). The scrambled sequence Ril@tionalized PLLg-PEG
(RDG) and PLIg-PEG served as negative controls. Subsequent tansign, HAC were re-differentiated in pellet

culture in presence of serum free chondrogenic nmedi

Polymer Synthesis and Characterization

Peptide-functionalized and non-functionalized RI-PEG polymers were synthesized
and characterized as previously published (139;186)brief, these polymers are based
on a PLL backbone of approximately 120 L-lysinetsifaverage value in view of the
polydispersity of 1.4 of the polymer; Sigma-AldricBuchs, CH), a PEG side chain of
approximately 47 ethylene glycol units (PEG MW 2a&polydispersity: 1.02; Nektar,
Bradford, UK) and a grafting ratio (g) between ar8l 4.6, expressed as the number of
lysine monomers per PEG side chain. A vinyl sulfomadified PEG chain of 3.4 kDa
molecular weight (polydispersity: 1.01; Nektar, &i@d, UK) was used to couple the

peptide sequences with the PLL backbone. The falgwpeptides were used for the
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synthesis of functionalized PL§-PEG polymers: the bioactive RGD-containing N-
acety-GCRGY®RGDSPG-amide and the scrambled (bio-inactive) N-acetyl
GCRGYGRDGSPG-amide (both purchased from Jerini, Berlin, GERplymer
architectures (grafting ratios and fractions of tmwegfunctionalization) were determined
with nuclear magnetic resonance spectroscopy (NMRgreas adsorbed polymer and
serum masses were measured using optical waveligidenode spectroscopy (OWLS)
(see Table 1 for details). All polymers used weravpn to be highly resistant to non-

specific serum adsorption (<5 ng/cm2).

Tab 1. Molecular weight, grafting ratio, peptide functaization, polymer/protein adsorption and peptiueface
density for all polymers used in this pap@easured with NMR techniquémeasured with OWLS techniguSee

Schuleret al 2006 (186) for details.

PEG RGD RDG

Molecular weight PLL [kDa] 159 159 159
Molecular weight lysine unit [kDa] 0.1280.128 0.128
Molecular weight peptide [kDa] - 1.2221.222

Molecular weight entire polymer [kDa] 91.1 52.8 &6.

Grafting ratiog [-]? 3.3 7.0 6.4
Peptide-functionalized PEG-chains [%] - 3.4 3.7
Polymer adsorption [ng/cii? 150 143 135
Protein adsorption [ng/cii? <5 <5 <5
Peptide surface densipygs [pmol/cnf]® - 1.6 1.7
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Surface Modification for Cell Culture

For modifying the surface of tissue culture tregpetystyrene (TCPS; atmospheric gas
plasma treated polystyrene), frozen samples of dlalbgd PLLg-PEG polymer powders
were warmed up to room temperature, dissolved isalh buffer solution (denoted
hereafter as HEPES2) containing 10 mM HEPES andd®NacCl at pH 7.4 (to reach a
final concentration of 0.5 mg/ml) and filter steadd (0.22um filter, Milian, Basel, CH).
TCPS dishes/flasks (TPP, Tarasdingen, Switzerlamd) Thermandklamellae (Nunc,
USA, for CLSM, activated with a UVO-Cleaner (ModéR-220, Jetlight Company,
USA)) were coated at room temperature for 45 miith 00 pl/cm® of the above
described polymer solutions while stirring on ami@a shaker. Supernatant polymer
solution was aspirated and surfaces were washeg twith 200ul/cm? HEPES?2 buffer
solution for 5 min. For convenience, PEGylated aes will be named hereafter
according to their peptide sequences (REPEG/PEG-RGD asRGD and PLLg-
PEG/PEG-RDGas RDG) whereas the non-functionalized PQEPEG surface will be

denoted aPEG.

Cell isolation and Expansion

Full thickness human articular cartilage samplesewenllected within 24 hourpost
mortemfrom the femoral lateral condyle of three diffareélonors (age in years; A:53,
B:62, C:66), with no history of joint disease, aftdtained informed consent, following
protocol approval by the local ethical commitee (N8/07) (Fig. 1, HAC Isolation).
HAC were isolated upon 22-hour incubation at 37if®.15% type Il collagenase and

resuspended with Dulbecco’s modified Eagle’s med{(dEM) containing 4.5 mg/ml
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D-glucose, 0.1 mM non-essential amino acids, 1 noblitsn pyruvate, 10 mM HEPES
buffer, 100 U/ml penicillin, 100 pg/ml streptomygciand 0.29 mg/ml L-glutamine,
supplemented with 10% FBS (all from Gibco, UK) (DMEcomplete). For the first
expansion phase, HAC from each donor were seededeiimer TCPSRGD, RDG or
PEG substrates at a concentration of* i€ells/cnf. HAC were cultured in CM
supplemented with 1 ng/mlA@F-R1, 5 ng/ml 6F-2, 10 ng/mI_PGF-BB (expansion
medium, all from R&D, UK) in a humified 37°C/5% GGOncubator. These specific
growth factors have previously been shown to enhdAAC proliferation and post-
expansion redifferentiation capacity (Fig. 1, HA&p&nsion) (102). HAC were detached
at confluency (passage 1) by a treatment with Ot$3¢e Il collagenase, followed by
0.05% trypsin/0.52 mM EDTA (Gibco, UK), re-plated the corresponding surfaces at a
density of 5 x18 cells/cnt for the second expansion step, and cultured irasipn

medium until they reached confluency again (pas@age

Cdl Attachment & Proliferation

To determine cell attachment 24 hours after indmria(Fig. 1, HAC Expansion),
supernatants containing non-adherent cells weréeatetl, counted in a Neumann
chamber and their viability was assessed usingalrygue (Sigma Chemical, USA). The
non-adherent HAC frolRDG andPEG were returned to the corresponding dishes at each
medium change. Cell proliferation rate was cal@adaas the ratio of log2 (N/NO) to T,
where NO and N are the numbers of cells respegtatethe beginning and the end of the

expansion phase, and T is the time required foexpansion (102).
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Cell Morphology

HAC after the second confluency on TCPSRED were detached, reseeded onto a
correspondingly coated lamellae at a density of 18 xcells/cnf and cultured in
expansion medium in a humified 37°C/5% Li@cubator for three days. The lamellae
were then rinsed with PBS (Gibco, UK). Rinsed HAEravfixed with 1% glutaraldehyde
in PBS for 30 min. at room temperature. Substratese rinsed with PBS before
permeabilizing and further fixing with 2 % Octyldgethylene (Octyl-POE) and 0.125%
glutaraldehyde for 5 min. Following a PBS washjdeal glutaraldehyde was reduced
with a solution of 0.5 g/ml NaBHin PBS at 0°C for 20 min. After washing with PBS
again, HAC were labeled with TRITC-phalloidin 1:90@,=488 nm, Sigma Chemicals,
USA) against actin filaments and DRAQ5 1:200,£647 nm, Alexis Biochemicals) to
label DNA in the nuclei (all dilutions in PBS). Filly, the lamella were mounted onto a
glass slide using mowiol-1188 (Hoechst, Frankf@#&rmany) containing 0.75 % of the
anti-fading agent N-propyl-gallate (Sigma ChemicBISA) and stored at 4°C in the dark.
Fluorescence images were acquired with a Leica $€SCLSM, using a 63x HC PL
APO immersion objective. The number of stacks wasedf to 20, while each stack
(1024x1024 pixé) was scanned at medium speed and averaged foes.tim

To describe the HAC morphology and the degree mdagping, a cell shape factgrEq.

1) was used (186;187).

_4nA
- p° 1)

The areaA and the perimetep required for calculating the shape factgrwere
determined from the CLSM images using Image J oer§i37 (188). A shape factor for a

round cell can assume values near to one. Cireles the greatest area-to perimeter ratio
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and their shape fact@is 1, whereas a thin, thread-like object wouldehawshape factor

@near 0.

Initial Cell Spreading, Kinetic & Motility

Time lapse microscopy experiments were performedaorOlympus 1X81 motorized,
inverted microscope in phase contrast mode, usitixd CPFL objective combined with
a 1.6x magnifying lens (to investigate initial spaeng) or an UplanApo 4x objective (to
investigate motility). The microscopes were equgppdth a high resolution position
controller to drive the motorized stage. HAC weeeded onto either TCPS BGD in
expansion medium at a density of*1€ells/cnf (for studies on initial spreading) or
7.5x1@ cells/cnf (for studies on motility) and kept in a box at 87°5% CQ. The initial
spreading kinetic of HAC was followed for 18 mina@ing 5 min.postseeding, every
two min. an image was acquired from 15 randomlgael areas of each substrate. Using
Image J, the spreading kinetic of 28 cells, whiokrevat the onset of spreading, was

determined on each surface based on the spreadiag a

Chondrogenic Assay

The chondrogenic capacity of HAC expanded on eifl@&#PS orRGDwas investigated in
pellet culture (Fig. 1, HAC Redifferentiation) ugira chemically defined, serum-free
medium (SFM), which consists of DMEM containing #g/ml D-glucose, 0.1 mM non-
essential amino acids, 1 mM sodium pyruvate, 10 HEPES buffer, 100 U/ml
penicillin, 100 pg/ml streptomycin, and 0.29 mg/idglutamine (all Gibco, UK)

supplemented with ITS (10 pg/ml insulin, 5.5 mg/ml transferrin, 5 ng/ml| selemi, 0.5
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mg/ml bovine serum albumin, 4.7 mg/ml linoleic g¢id.25 mg/ml human serum
albumin, 0.1 mM ascorbic acid 2-phosphate and M dexamethasone (all Sigma
Chemical, USA) and 10 ng/ml TGF* (R&D, UK) (chondrogenic medium) (100;189).
Aliquots of 5x16 HAC/0.5ml were centrifuged at 250 g for 5 min. in5 ml

polypropylene conical tubes (Saarstedt, NimbreBbtmany) to form spherical pellets,
which were placed onto a 3D orbital shaker (BiokloScientific, Frenkenkdorf,
Switzerland) at 30 rpm. Pellets were cultured fowe@eks at 37°C / 5% CQwith

medium changes twice per week, and subsequentbegsed for histological, immuno-

histochemical, biochemical and mRNA analysis.

Gene Expression Analysis

RNA was extracted from tissue constructs using |260rizol (Life Technologies, Basel,
CH) according to the manufacturer's instructionstrécted RNA was treated with
DNAse following the instructions of the Rneasy Kitmbion, Austin TX). cDNA was
generated from total RNA using reverse-transcrgpt8sratascript (Stratagene) in the
presence of dNTP and DTT. Real-time PCR reactioasevperformed and monitored
using the ABI prism 7700 Sequence Detection Sysaéewoh the Sequence Detector V
program (Perkin-Elmer Applied Biosystems). cDNA gé&s were analyzed for type |, Il,
X collagen and for the housekeeping gene (18S oimas RNA), using previously
described sequences of primers and probes (108h E2aNA sample was assessed in
duplicate and the collagen mRNA expression levagewormalized to the corresponding

18S rRNA levels.
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Biochemical Analysis

HAC pellets cultured in chondrogenic medium for tweeks were digested with protease
K (0.5 ml of 1 mg/ml protease K in 50 mM Tris withmM EDTA, 1 mM iodoacetamide,
and 10ug/ml pepstatin-A) for 15 hours at 56°C (157). ThAGcontent was measured
spectrophotometrically using dimethylmethylene K|L®8), with chondroitin sulfate as a
standard, and normalized to the DNA amount, medsspectrofluorometrically using the
CyQUANT Kit (Molecular Probes, Eugene, OR), witHfaaymus DNA as a standard.

GAG contents are reported @ GAG /ug DNA.

Histological and | mmunohistochemical Analysis

Cell pellets cultured in chondrogenic medium webeed in 4% formalin for 24 h,
embedded in paraffin, cross-sectionedu(d thick), and stained with Safranin O for
sulphated glycosaminoglycan (GAG) (100). Sectiongrew also processed for
immunohistochemistry to visualize type Il collagdh-116B3, Hybridoma Bank,

University of lowa, USA), as previously describd&®9).

Statistical Analysis

Statistical evaluation was performed using SPS8&vaoé (version 15.0, SPSS Schweiz
AG, Zurich, Schweiz). All mean values are presemtedtandard error (+SE). Differences
between the surfaces TCPBGD and PEG were assessed using complying statistical

tests as indicated at each result. The level ofifstgnce was set to p < 0.05.
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RESULTS

Substrate Characterization

The RGD modified surface was determined to have a BIREG/PEG-RGD-polymer
concentration of 143 ng/cngsee Table 1). This concentration was sufficiermender the
surface resistant to protein adsorption (< 5ngjcamd implies that the bio-ligand RGD
was presented at a density of 1.6 pmof/¢frable 1). Similar results were obtained for

the control peptid®&DG.

HAC attachment, Spreading Kinetics & Proliferation

Phase contrast microscopy observation revealed dasagarly as 10 min. after seeding,
adult human articular chondrocytes (HAC)R&D started to spread, while on TCPS they

still showed a more round morphology. This impressvas validated by following the

spreading kinetic of HAC every 2 min., starting Sinmafter seeding onto the
corresponding surface (see Fig. 2). ®&D, the maximal spreading speed (886
um?/min.) was 1.9-fold higher as compared to that @P$ (46x4m?min.; p < 10> U-
test Mann-Whitney, two tailed). Despite this iflidéference, HAC attachment (24h after
seeding) orRGD did not significantly differ from that on TCPS, idhit was lower on

PEG (4.7-fold) andRDG (5.6-fold) (Tukey HSD tesp < 0.009; see Fig. 3A). Phase
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contrast images confirmed attachment of HAC on T@RERGD and indicated a spread,
fibroblastic cell morphology (Fig. 4). In contrasi) PEG andRDG, HAC attached to a
very limited extent, and predominantly remained sospension as clusters. The
proliferation rate of HAC orRGD did not differ from that measured on TCPS, while i
was lower on the bio-inactive surfacegG (2.9-fold) andRDG (3.1-fold) (o < 0.004;

Tukey HSD test; see Fig. 3B).
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Fig. 2: Initial spreading of human articular chondrocye#\C) on tissue culture polystyren&{TCPS) and on RGD-
functionalized PLEg-PEG (© RGD). Immediately after seeding onto the corredpum surface, the spreading kinetic
of HAC was followed by time lapse phase contragtrasicopy every two min. during 18 min. Spreading weeasured
as footprint area (n=28 for each surface) and tefoas median value in dniThe dashed tangential lines indicate
maximal the slope p which was siginificantly different on the two stitades (the asterisk indidicates p = 3.4x10-5;
U-test Mann-Whitney, two tailed). Cell outlinesegtch timepoint (up to min. 10) visualize an exanteC from each
surface RGD: upper row; TCPS: lower row) which matches witk thdicated trend line (solid). Error bars représen

the standard error.
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Fig. 3: Attachment and proliferation of adult human artisuthondrocytes (HAC) on tissue culture polystyrene
(TCPS), RGD-functionalized PLg-PEG (RGD) and non-functionalized Pig-PEG (PEG). RGD peptide surface
density was 1.6 pmol/cmA The number of attached cells was determined iodjréy counting the floating cells in
the supernatant (alive and dead) and subtractieng from the number of inoculated cells. The attamtinis expressed
as percentage of the number of inoculated cBll$he proliferation rate of HAC is expressed as Nhdimgs per day

(during the two expansion steps). The asteriskcatds a significant differenes TCPS (n = 6 experimental replicates;

p < 0.009, Tukey HSD test).

Fig. 4: Phase contrast images of adult human articular aleaytes (HAC) during expansion on tissue culture
polystyrene (TCPS), non-functionalized RPQPEG (PEG), the scrambled sequence Ridtionalized PLLg-PEG
(RDG) and the RGD-functionalized PL§-PEG (RGD). RGD and RD@eptide surface density was 1.6 and 1.7

pmol/cnt respectively. Scale bars correspond to 100 pm.

-77 -



HAC Morphology & Moatility During Cell Expansion

The average footprint area (see Fig. 5A) of HAOWgng on TCPS was 19% higher than
on RGD (Two-way Anova:p = 0.014), while the average perimeter of HAC onPBC
(330+22 um) was consistently lower than R@&D (424+27 pum; Two-way Anovep <
10%). As a consequence, the average shape fagton RGD(see Fig. 5A) was 2.0-fold
lower (Two-way Anovap < 10°) as compared to that of HAC expanded on TCPS. This
morphological difference also became apparent bgctly comparing the CLSM images
(see Fig. 5 C&D). On both TCPS aRd&sD, a homogenous fluorescence signal could be
seen throughout an entire HAC as actin appearebdetanostly organized into fine
filamentous structures. Only rarely, thicker adtundles, as they are typical for stress
fibres, were evident. Regions of highest actin-gigmtensities were located at the
lamellipodia, as well as at the filopodia-like exdeons. These extensions were the most
distinctive morphological feature of HAC adherengisowing onRGD as compared to

TCPS.

Time-lapse phase contrast microscopy revealedam&GD cell motility (3.8+0.2nm/s,
n=230) was approximately 20% lower than on TCP3#a2nm/s, n = 209; p = 0.002;
Student’s t-test, two tailed). The direction of HAG@igration was judged by the
distribution of centered cell trajectories and fdua be isotropic on botRGD and TCPS

(data not shown).
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Fig. 5: Morphology of adult human articular chondrocytesA®) during expansion on tissue culture polystyrene
(TCPS) and RGD-functionalized Pid-PEG (RGD). The graph iA) represents the average shape fadtgwhite
bars) and the average footprint area irf @ntack bars) of HAC on the corresponding substrBlte asterisk indicates a
significant difference (n = 90 per surface; p <010, two-way ANOVA). The cartoon iB) visualizes shape factor
values which can range from zero for starfish-stapells to one for perfectly round shaped cellsprReentative
confocal laser scanning microscopy images of HACC)rTCPS andD) RGD show actin stress fibres (green) and

nuclei (blue). Note the filopodia-like structuregich appear more frequent on RGD. Scale bar qoorats to 20 um.
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HAC De-Differentiation During Cell Expansion

During expansion in monolayer, type Il collagen niRékpression of HAC oRGD was

4.9-fold higher as compared to that on TCBS (.04; U-test Mann-Whitney, two tailed)
while the level for type | collagen mRNA remaineohigar (see Fig. 6). Type X collagen
was only upregulated in cells from Donor B (34-jo&hd thus no significant difference

was found orRGDvs.TCPS.

On PEG, type Il collagen mRNA was up-regulated 46-fofdl € 0.04; U-test Mann-
Whitney, two tailed). This up-regulation coincidedth a 91-fold increase in type X
collagen mMRNA expressionp (< 0.03; U-test Mann-Whitney, two tailed) while the

expression level of type | collagen mRNA remainedltered.
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Fig. 6: Type | (Coll I), Il (Coll 11) and X (Coll X) collagn mRNA expression levels of adult human articular
chondrocytes (HAC) during expansion on RGD-fundigred PLL-g-PEG (RGD) or non-functionalized PLg-PEG
(PEG) normalizedss. tissue culture polystyrene (TCPS, indicated bytevdiashed line). RGD peptide surface density
was 1.6 pmolichBlack bars represent m-RNA expression levels orHAE after four weeks of culture on the
corresponding substrate. Asterisks indicate a fogmt differencesys TCPS (n = 6 experimental replicates; p < 0.05,

U-test Mann-Whitney, two tailed).
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HAC Re-Differentiation in Pellet Culture

Pellets were generated with HAC expanded on TCP®mRGD and cultured in

chondrogenic medium for two weeks.

The up-regulation of type Il collagen mRNA duririgetexpansion of HAC oRGD was
not maintained in the subsequent pellet culturely@or type X collagen mRNA a
statistically significantg < 0.004; U-test Mann-Whitney, two tailed) but etHimited

up-regulation (1.7-fold) was found.

HAC expanded ofRGD generated pellets with 15% higher GAG content axdation
(6.3+0.2 pg/ugp = 0.1, U-test Mann-Whitney, two tailed) than HAgpanded on TCPS
(5.3+0.5 pg/ug). Additionally, sections of pelldtem RGD expanded HAC stained

slightly more intense for GAG (Safranin O stainiag) type Il collagen (Fig. 7).

Fig. 7 (following page) : Histology of pellets generated from adult humarcatar chondrocytes (HAC) which have
been cultured for two passages on either tissuareypolystyrene (TCPS) or RGD-functionalized PgPEG (RGD).
RGD peptide surface density was 1.6 pmoficA) representative pellet sections stained red focaglgminoglycans
with Safranin O. The number at the lower right eficle image shows the value for accumulated GAG/DNA i
Ha/ug&SD, n = 4) B) representative pellet sections immunohistochetyitcabelled red for collagen 1l. Representative
sections are displayed for each donor and surfgme #As an overview, the insets present entireepshctions. Scale

bars correspond to 50 um for the pellet sections5&® um for insets.
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DISCUSSION

In this in vitro study, we exploited the advantage of the REPEG/PEG-RGD (RGD)
model to restrict the interaction of human articidaondrocytes (HAC) with the culture
substrate exclusively through the cell adhesioandy RGD, even in the presence of
serum. As compared to TCPRGD allowed for comparable attachment, proliferatiod a
migration while supporting faster initial spreadibgt smaller final spreading area. The
superior preservation of HAC chondrogenic phenotypenonolayer culture ofiRGD
resulted in limited, yet consistent improvementghia post-expansion cartilage forming
capacity in pellet cultures, although that was medlected in the type Il collagen gene

expression.

The amount of serum proteins measured on the PEG modified substrates was very
low and fell below the detection limit range regattfor the optical waveguide lightmode
spectroscopy technique. (190) This protein resistffect can be attributed to the
architecture of the PEG brush. (191) IndeedP&® andRDG (scrambled cell adhesion
sequence), HAC attached to a very limited extedtrmostly remained suspended in the
culture medium as clusters. The fact that on tli®senactive surfaces cell attachment
was not completely abolished could be explainedsimall local defects in the PLg-
PEG or PLLg-PEG/PEGRDG- layer, which likely permitted limited serum adgton.
These defects appeared to occur at a low frequamdynerely allowed for cell anchoring
but never for cell spreading. Only where PHREG was modified with the cell adhesion
ligand RGD, HAC attached and spread comparabliigomay they do on TCPS. RDG
was not able to mediate the same effects, we asthanthe effects observed in this study

are specifically mediated by the bioligand RGD. §hihe PLLg-PEG/PEG-RGD culture
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surface effectively allows for HAC/substrate intgrans exclusively through RGD
ligands, thereby circumventing the formation ofacanplex proteinaceous interface, even

in presence of serum containing medium.

Early after seeding, HAC spreading always appeanece advanced oRGD than on
TCPS. This observation was confirmed by measurimglenost two fold higher initial
spreading rate oRGD as compared to that on TCPS. Since the spreaduey was
smaller onrRGDthan on TCPS, the higher spreading rat&k@D was likely not due to a
higher cell adhesion ligand density, but ratheratcsterically more direct mode of
interaction of HAC integrins with the surface bolR@D. This is consistent with the fact
that the RGD ligand is displayed in front of anesthise inert environment (PEG brush
border), as opposed to the various different oaiggoris (177) of randomly adsorbed
serum proteins, where ligands can remain encryfgeyl, within the Fnlll modules of
folded fibronectin (192)). Although cells have thigility to access these cryptic domains
by applying cytoskeletal tension, (193) this actreenodeling process of the protein
adlayer would require longer time. Whether thediaspreading oRGD s really due to a
more direct mode of interaction, would however iegturther investigations, beyond the

scope of this study.

HAC cultured onRGD and on TCPS attached and proliferated to an esepteviously
reported for standard HAC culture (102;194). A tcadly reduced attachment on the
bio-inactive surfacesPEG & RDG) coincided with a decreased proliferation rateiciwh

is in line with findings for human dermal fibrobtas(186). Chondrocytes adhering to
cartilage ECM-proteins highly expref$ integrins and knocking out these integrins in a

mouse model led to decreased chondrocyte proiiberalue to impaired G1/S transition
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and cytokinesis (181). RGD partially activatasfl (195;196) but primarilyavp3
integrin receptor (135) and thus seems likely teehatimulated proliferation through

integrin activated signalling.

HAC cultured onRGD or TCPS assumed an elongated morphology (see5kigas

confirmed by quantification of the shape factgk)( which did not exceed the value of
0.2. The lower shape factor ®GD than on TCPS does not reflect further elongatioin b
can be attributed to the protrusive extensions lwinmainly contributed to the increased
perimeter. Such distinctive morphological featuresind of filopodia which have been
reported to occur at the leading edge of motilésdgl97). However, HAC motility on

TCPS was found to be in the same range as repfmtadbbit chondrocytes (198), and

lower onRGD, where filopodia-like structures were primarilyseived.

Both the lower motility and the higher type Il @den mRNA expression of HAC
expanded olRGD, as compared to TCPS, could be related to thecestloell spreading
area. In fact, cell spreading is associated wittCR@nediated cytoskeletal tension (119)
and is known to block chondrogenesis in mouse nobgemal limb bud cells by
inhibiting the expression of the transcription tacgox9 (165). A reason for the reduced
HAC spreading orRGD could be its lower bioactivity as compared to vatiigands,
where complementary or modulatory domains are pte§E35). In fact, FN, which
readily adsorbs to TCPS (199), contains the sysegbinding site PHSRN on"atype

Il repeat (FI119) in addition to the RGD motif the 10" type 11l repeat (F11110). RGD is
considered to be a poor FN mimic (135) as on ita @vis not sufficient to fully activate

o581 integrin but requires the synergy with PHSRN (200). Disturbing the
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interdomain interaction of the FI119-10 pair wapoeted to result in reduced spreading of

baby hamster kidney cells and human endometriairgtt fibroblasts (137).

The better maintenance of HAC chondrogenic phermotypRGD resulted in consistent
but rather marginal improvements of chondrogenésring pellet culture, as evidenced
by the slightly higher accumulation of GAG/DNA, isiiag intensity for GAG and type I
collagen expression in the formed tissues. It ssgme that enzymatic disruption of HAC
adhesion toRGD (for establishing pellet cultures) degraded imaoitcell surface
proteins (201) and partially reset the instructsignal to HAC. In this regard, future
investigations should circumvent the need for sacharvesting step. As an example,
HAC could be expanded on an RGD-ligand restricteaffeld that could be directly
continued into differentiation culture. Still, th@esentation of RGD might have to be
transient (during expansion), since modifying add@ with an RGD-ligand was

previously found to inhibit MSC chondrogenesis (P82).

Beyond allowing control over the mode of cell imtelion with a biomaterial interface,
small ECM-fragments also offer to modify/tune thedutivity of native proteins. The
results of this study suggest that the limited biwity of RGD better supports the
chondrogenic phenotype of proliferating HAC as caneg to a complex proteinaceous
adlayer containing native FN (TCPS). Thus, it wobddintriguing to test whether tuning
RGD-restricted HAC/substrate interactions couldldyistill higher type 1l collagen
expression (as i.e. dPEG), while preserving its effect to promote prolifeoa (as i.e. on
RGD). Approaches to tune HAC/RGD-restricted substratieraction could involve
changing the sequence of the peptide ligand (1&8)jtrolling its special array (112) or

coupling it to substrates with different mechanwainpliance than stiff TCPS (109).
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CONCLUSION

In summary, forcing HAC-substrate interactions tigiloRGD peptides not only mediated
instantaneous cell attachment but also supportdd negration, proliferation and
maintenance of the post-expansion cartilage fornsaggacity. Assisting these processes
with inductive/instructive biomaterials may be ed&d for improvingin situ cartilage
regeneration, stimulated by microfracturing (15320 In microfracturing, the
subchondral bone plate is penetrated by small pddms which allow the
recruitment/infiltration of mesenchymal stromal Ise(MSC) from the bone marrow
(204). MSC have the potential to chondrogenicalffetentiate (156), but due to their
low numbers they first need to proliferatesitu in order to possibly improve the final
outcome (152). Thus, an RGD-ligand restricted biemal interface could be a valuable

tool to assist microfracture stimulated cartilaggeneration.
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SUBSTRATEELASTICITY
MODULATES

TGFBETA STIMULATED
RE-DIFFERENTIATION OF
EXPANDED HUMAN
ARTICULAR CHONDROCYTES
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ABSTRACT

Culture of mesenchymal progenitor cells on subssratith different elasticity has been
shown to modulate cell fate/commitment. We aimad study at investigating, whether
substrate elasticity modulates T@&B (TGF) stimulated chondrogenic re-differentiation

of expanded/de-differentiated human articular choogtes (HAC).

Expanded HAC from 4 donors (43-77 years) were skedéo 2D substrates of different
elasticity and induced to re-differentiate in aidedl serum free medium containing or not
TGF for 7 days. Type | collagen (ClI) functionalizeoly acrylamide (PA) films (100-150
thickness) with a Young’s modulus of 0.26+0.08 kRsoff), 21.32+0.79 kPa
(intermediately stijfand 74.88+5.13 kPastjff) were employed. CI coated tissue culture
treated plastic was considered asrdmitely stiff substrate and HAC aggregate cultures
served as a standard re-differentitation controACHcultured on the corresponding
substrate were assessed for attachment, prolderatorphology, mRNA (type | & I

collagen), and protein (type Il collagen) expressio

Under re-differentiation conditions, HAC attachadhifarly on the different substrates
and accomplished less than one total doubling withidays. Orintermediately stiftto
infinitely stiff substrates HAC assumed a fully spread fibroblastorphology (shape
factorga = 0.23-0.27), whereas on theft substrate, they remained more spherigal<
0.35:0.02) and had a reduced spreading area (up toRIR-F-actin organization on the
soft substrate was restricted cortically, while on stiffer substrates, F-actin assembled

into stress fibres.

Type 1l collagen mRNA expression on tkeft substrate was similar to that in aggregate
culture and 18.1-fold higher than amfinitely stiff substrates. However, in absence of
TGF, type Il collagen mRNA remained at levels espezl by expanded/de-differentiated

HAC. Strikingly, type Il collagen protein expressiavas only detectable on tlsoft
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substrates. Substrate elasticity modulated thefferehtiation response of expanded/de-
differentiated HAC to the chondrogenic stimulus T@Rd thus underscores mechanical
compliance in combination with appropriate solutifgnals to be an important parameter

in designing biomaterials for cartilage repair.
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INTRODUCTION

Current visions in cartilage repair aim at movingnh fibrocartilaginous to a more
hyaline like repair tissue by combining autologaiedls of different originsig situ
recruited oiin vitro pre-cultivated) with repair supporting biomatesigl51). Therein, the
role of a chondro-supportive biomaterial withinatdage defect is seen to enhance the
onset of chondrogenic differentiation of the pragmncells and to protect/modulate the
newly formed tissue (152).

Apart from controlling ligand identity, density angresentation, which determine
biomaterial/cell interaction(108), substrate elasti has emerged as an important,
insoluble, mechanical cue and has been shown toemde the phenotype of several
members of the mesenchymal lineage, including filasts (143;144), myoblasts
(145;146) and osteoblasts (110). Moreover Mesenahwtem cells (MSC) have been
found to specify lineage and to commit to phenasypith extreme sensitivity to tissue
level elasticity. Soft substrates which mimic braiere neurogenic, stiffer substrates that
mimic muscle were myogenic and comparatively stigighstrates that mimic collagenous
bone, proofed to be osteogenic. Moreover, the iddelmechanical cue was shown to be

additive to chemical/soluble induction of differexiton (109).

Chondrocytes are considered to have a primitiveysar termed “the mechanocyte”
which suggests, that they have inherited the gbibt respond to mechanical stimuli
(205). Indeed, chondrocytes express several menobene integrin family which, apart
from mediating adhesion, function as mechanorecgftat transmit information from
the extracellular matrix (ECM) into the cell, thghuthe activation of cell signalling

pathways(206). This integrin mediated perceptiothef ECM has been found to play a

-91 -



crucial role in regulating chondrocyte morphologgptility, proliferation as well as
differentiation (181;182).

Although depending on the type of cell, increaseatrix stiffness generally leads to an
increased protein phosphorylation, and stress fissembly (144;207). In line with this
general rule, porcine chondrocytes flattened amdaspon stiff substrates (100kPa) while

they retained their typical round appearance on(g&Pa), compliant matrices (208).

The importance of morphology on chondrocyte funtttarted to be recognized around
30 years ago (209). Several findings reported tltandrocyte phenotype to be strongly
depending on its cell shape, which changes fromolilastiod to rounded/polygonal
during cartilage development and is associated aitbrtical actin filament organization,
as well as the expression of extra cellular mgpriateins such as type Il collagen and
large proteoglycans (i.e. aggrecan) (210;211). Neyey expansion of chondrocytes,
isolated from adult cartilage, can revert this efiintiation process and leads to de-
differentiated chondrocytes which cease the prodndif large proteoglycans and type I
collagen (97;98) and switch to the synthesis oktypcollagen, fibronectin (FN), and
small non-cartilaginous proteoglycans (98;99).

As a consequence considerable research efforts tomused on developing reliable
procedures to maintain a round morphology in caetfuchondrocytes. Conditions that
support a round cell morphology and expressiorhefdhondrocytic phenotype include
culture in suspension (101;212), in agarose (96¢oilagen gels (124), in alginate beads
(213), and the disruption of the actin cytoskelebynCytochalasin D (214;215). Most
recently, soft (4kPa) type | collagen coated palylaenide (PA) gels have also been
demonstrated to induce a round morphology in percimondrocytes (208). However, in

comparison to stiffer substrates, the better supgfahe chondrogenic phenotype by soft

-92-



PA gels was limited and paralleled by reduced fadtion. Proliferation is known to
lead to rapid de-differentiation in chondrocyte$)(@and thus, may have clouded the
analyis of matrix elasticity as a direct influerme the maintenance of the chondrogenic

phenotype.

The use of specific factors during monolayer exmpan®f HAC has been shown to
accelerate the process of de-differentiation, adldices HAC to acquire a differentiation
plasticity which is similar to that of mesenchynpabgenitor stem cells (100). Culturing
aggregates (suspension or pellet culture) of exgdide-differentiated HAC in a medium
containing the strong chondrogenic stimulus B&SF(TGF), allows for re-induction of

chondrogenic differentiation (101;102). Thus, exgedide-differentiated HAC are not
only of clinical relevance but, owing to their giagy, also serve as a potent model to
investigate processes involving fate commitment #red maintenance of mesenchymal

progenitor cells.

Given the mechano-sensitivity of chondrocytes imegal and the differentiation
plasticity of expanded/de-differentiated HAC in sifie, we hypothesized that matrix
elasticity as an insoluble signal allows to conttbé morphology of expanded/de-
differentiated HAC and thereby permits to moduligr re-differentiation stimulated by

the soluble chondrogenic differentiation signal TGF

Among different models for investigating the suatdr elasticity influence on cell
behaviour, polyacrylamide (PA) has emerged as goitant tool since it can be easily
adjusted in elasticity by varying the concentratadrthe monomer acrylamide (AA) and

the crosslinker N,N’-methylenbisacrylamide (BISA Rself is almost completely inert
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for cell adhesion, but can be functionalized byatemtly grafting proteins to its surface
(216). This offers the advantage to restrict cetirate interaction to a selected type of
ligand. For the present study, type | collagen (@8s chosen as it contains the cell
adhesion peptide sequence Arg-Gly-Asp (RGD) (2h&s been used to study the
influence of matrix elasticity on the lineage sfieation of mesenchymal stem cells

(109) and plays an important role during limb bhdrdrogenesis (218).

To test our hypothesis, expanded/de-differentitt&d€ were seeded onto 2D substrates
of different elasticity and induced to re-differe¢ in a defined serum free medium
containing or not TGF3-3 for 7 days. ClI functiomatl PA films (100-15@m thickness)
with a Young’'s modulus of 0.26+0.08 kPa (soft), 20Z9 kPa (intermediately stiff) and
74.881£5.13 kPa (stifff were employed. Cl coatedsues culture treated plastic was
considered as an infinitely stiff substrate and H&ggregate cultures served as a standard
re-differentiation control. HAC cultured on the pEBponding substrate were assessed for
attachment, proliferation, morphology and exprassibSox-9 transcription factor, type |

and Il collagen mRNA and type Il collagen protein.
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METHODS

Substrate Preparation

Poly acrylamide (PA) gels of three different costiag compositions, were cast onto 3-
(trimethoxysilyl)-propyl methacrylate (Sigma-AldncBuchs, CHpctivated glass slides,
and functionalized with type | collagen followingpoeotocol adapted from Beningg al
2002 (219;220). Using coverglass (No. 1, Medite,) Gphcers, the gel thickness was set
to a thickness ranging from 100 to 170 um (confanby cryo SEM, data not shown).
According to the time course measurements of thearsistorage modulu§&’, the
polymerization was near complete 20 min. afteriatiin (see Fig. 1). Based on this
finding, > 4 hours were considered to be safe for polymerization to complete.
Subsequently, the glass immobilized PA gels werghed with autoclaved MilliQ water
followed by 50 mM HEPES pH 8.5 (Sigma-Aldrich, Bs¢lCH). The PA gels were
covered with 1 mM sulfo-SANPAH (heterobifunctiorabtein crosslinker, ProteoChem,
USA) in 50 mM HEPES pH 8.5, UV activated (350 nnm#., distance: 6 cm). This step
was repeated once before thoroughly washing thetsibs with PBS (Gibco, UK).
Immediately after, the activated PA gels were fiomzlized with 0.2 mg/ml type |
collagen (ClI, rat tail, BD, UK) at 4°C over nighthe density of surface-bound CI is
independent of PA gel stiffness (221) and does al@r the elastic modulus of the
substrate (145).

All substrates were UV light sterilized (30 min.aasterile work bench). ClI functionalized

PA gels were washed and stored in PBS until funtiset
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Substrate Characterization by Rotational Rheometry

The polymerization time course (20 min, see Figoflthree different mixtures consisting
of acrylamide (AA, monomer) and N,N’-methylenbisgamide (BIS, crosslinker) was
followed in situin a rotational rheometer (Physica MCR 501, Arft@ar, Graz, Austria),
fitted with a 50 mm diameter parallel plate (PP3Zhear storage modulu&’( increases
with the progressing degree of polymerization & ssitmking) measurements were
conducted at room temperature (25°C), an oscitidtiequency of 1 Hz and an amplitude
of 1%. The volume for polymerization was 2 ml antiated with 30 pl of 10% amonium
persulfate (APS) and 30 pl of 10% tetramethylethgtbamine (TEMED). The
concentrations for AA BIS were: 5% 0.003%, 10% Q.220% 0.3% as described
above and the duplicates prepared independentlypréent drying, polymerization was
performed in a humidified atmosphere. All of theeth distinct AA/BIS compositions
displayed variable patterns during the lag phasghich G* was negligibly small (< 0.1
Pa). Following the lag phas@, increased monotonically but ceased less than Safter
initiation of polymerization. After ~20 min. of pgherization, each of the three AA/BIS
compositions reached its distinct plateau value (Sig. 1 A). Degassing the AA/BIS
solution prior to polymerization neither change@ tholymerization pattern& time
course), nor the final plateau levels @'r(data not shown).

To measure PA under conditions more representafive vitro cell culture conditions,
PA slabs of 4 mm thickness were polymerized for antd swelling equilibrated in PBS
at room temperature > 24h. Shear storage and losgsilos G andG”) measurements

were performed using the same rheometer settingesasibed above.
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The elastic modulus describes the ability of a mtéo deform elastically (strain) when
a force (stress) is applied to it, is quantifiedaastio of stress to strain and expressed in
Pascals (Pa). Depending on the mode of measurethentjastic modulus is commonly
reported either as Young’'s modulus (E, uniaxiabsdr over the uniaxial strain, e.g.
indentation) or shear storage modulus (G’, defoionadf shape at constant volume, e.g.
shearing), given the Hooke’s law holds for the maltedescribed. Since PA hydrogels
have a vanishingly low viscous component (shea tosdulus G”) (222) their elasticity
can adequately be described by either E or G’. fea the elastic component of P&’}
was always higher (6.9 to 161.4-fold) comparedgoviscous componet@” . The shear
storage modulus would be appropriate in the conbéxhis work, since cells like i.e.
fibroblasts are known to probe substrate mechampapties by shearing (223). However,
the Youngs’ modulus was preferred based on its vapgeead use in the field of

mechanobiology.

Tab.1: Rheology of polyacrylamide (PA) gels. The shearage modulus (G’) and the shear loss modulus (@'BA
gels with three different acrylamide (AA, monomiiX’-methylenbisacrylamide (BIS, crosslinker) corsjiions was
measured by a rotational rheometer (Physica MCR B@iton Paar, Graz, Austria) fitted with a 50 mnardeter
parallel plate (PP50). Measurements were conduattexh oscillation frequency of 1 Hz and an ampétud 1% at
37°C in a humidified chamber. The PA gels were messeither 20 min. after initiation of polymeriiat directely in
the rheometer (n=2) or after swelling equilibratibn PBS at room temperature over night, n = 4)e Moung’s
modulus (E), which is widely spread to describessuaite elasticity, was computed from the dynamiduhes G =
G'+G” according to E = 2G’'(1%). The Poisson ratiov] for PA is 0.464 (224) which is close to that déal rubber

like materials (0.5). The values are reported asmiestandard deviation.

Composition In situ polymerized Swelling equilibrated

AA/BIS (%) E (kPa) G’ (kPa) G’’ (Pa) E (kPa) G’ (kPa) G’ (Pa)
5/0.003 1.52+0.24 0.51+0.06  11.77+0.33 0.26+0.08 0.08+0.02 11.5£2.7
10/0.2 36.14£2.28  12.34+0.45 378.66+436.64 21.324+0.79 7.28+0.27 45.1+8.1
20/0.3 110.99£2.66  37.91£0.45 423.04+692.99 74.88+5.13 2557175  347.8£395.7
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Cdl Culture

Full thickness human articular cartilage samplesewenllected within 24 hourpost
mortemfrom the femoral lateral condyle of four donor8 (6 77 years), with no history
of joint disease, after obtained informed consfatipwing protocol approval by the local
ethical commitee (No. 78/07). HAC were isolated m@2-hour incubation at 37 °C in
0.15% type Il collagenase and resuspended with dagliss modified Eagle’s medium
(DMEM) containing 4.5 mg/ml D-glucose, 0.1 mM nossential amino acids, 1 mM
sodium pyruvate, 10 mM HEPES buffer, 100 U/ml p#lm¢ 100 pg/ml streptomycin,
and 0.29 mg/ml L-glutamine, supplemented with 10®SF(all from Gibco, UK)
(complete medium, CM).

HAC were expanded in CM supplemented with 1 ng/@FI31, 5 ng/ml FGF-2, 10
ng/ml PDGF-BB (expansion medium, all from R&D, UK) a humified 37°C/5% C©O
incubator. These specific growth factors have nesly been shown to enhance HAC
proliferation and post-expansion redifferentiatapacity (102). HAC were detached at
confluency (passage 1) by a treatment with 0.3% tygollagenase, followed by 0.05%
trypsin/0.52 mM EDTA (Gibco, UK) and re-plated adensity of 5 x18cells/cnf for the
second expansion step. After passage 3, expand€wke taken into chondrogenic re-

differentiation culture.

Chondrogenic Re-differentiation culture

The chondrogenic re-differentiation of expanded HA&s stimulated using a chemically
defined, serum-free medium (SFM), which consistObEM containing 4.5 mg/ml D-
glucose, 0.1 mM non-essential amino acids, 1 mMusodoyruvate, 10 mM HEPES

buffer, 100 U/ml penicillin, 100 pg/ml streptomygciand 0.29 mg/ml L-glutamine (all
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Gibco, UK) supplemented with IT5(10 pg/ml insulin, 5.5 mg/ml transferrin, 5 ng/ml
selenium, 0.5 mg/ml bovine serum albumin, 4.7 mdindleic acid), 1.25 mg/ml human
serum albumin, 0.1 mM ascorbic acid 2-phosphatel&HoV dexamethasone (all Sigma
Chemical, USA) and 10 ng/ml TGF* (R&D, UK) (chondrogenic medium) (100;189).
To investigate the influence of substrate stiffneasHAC re-differentiation, expanded
HAC were cultured for 7 days on type | collagentedaPA gels of different stiffness at
density of 2 x 1 cells/cnf. Aggregate cultures were prepared by culturing H&Ghe
same density on bare (w/o Cl) tissue culture glg3tCPS). Due to the absence of serum
proteins, HAC display moderate initial substratbesion and preferentially stick to each
other rather than to the substrate. After one dasedalifferentiation culture, nearly all
HAC have detached from the substrates and floauspension as cellular aggregates

similarly as described previously by Weilf al (2008) (101).

Attachment & Proliferation

The number of adherent HAC §Nwas determined from representative phase contrast
light microscopy images and expressed as percerdhdgbe number of theoretically
seeded cells. After 7days of re-differentiationturd, the number of adherent HACJN
was counted again (as described above) to asseléfenation which was expressed by

the total number of doublings: I9gN1/No).
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Cell mor phology

HAC morphology and the degree of spreading wererdehed after 24hours of re-
differentiation culture. The cell shape facfEq. 1) (186;187) was calculated according

to:

_4nA
- p° )

The area A and the perimeter required for calculating the shape factgrwere
determined from phase contrast images using Imagmsion 1.37 (188). Rounded cells
with high area-to perimeter ratio assume shapeofagtvalues close to 1, whereas

starfish-shaped cells have a shape fagiogar 0.

Fluorescence Labelling, Acquisition and Analysis

After fixation in 4% (w/w) formaldehyde in phospbaiuffer pH 7.4 (Univerity Hospital

Pharmacy Basel, Switzerland) at 4°C over night, H&&e rinsed with PBS three times
prior to a 10 min. permeabilization on ice withausion containing 0.02% (w/w) Triton

X100 (Sigma-Aldrich, Switzerland). Immediately af@spiration of the permabilization
solution, the specimen were blocked for 1 houroain temperature in PBS containing
30 mg/ml BSA (Sigma-Aldrich, Switzerland). Thengtlspecimens were rinsed with
labelling buffer (LB) containing 15 mg/ml BSA in BBand incubated with the primary
antibody for 1h at room temperature. Subsequetity,specimens were rinsed with LB
four times for 5 min. each and incubated with teeomdary antibody for 1h at room

temperature. Finally, the slides were washed agatim LB four times for 5min. each,
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rinsed with autoclaved milliQ water, mounted witlgueous Mounting Media (AbD
SeroTec, Oxford, UK) and sealed with Klarlack (Ladgnhattan Cosmetics, Germany).
All antibodies/labelling agents were diluted in LBinculin was labelled with a primary
monoclonal mouse antibody (Sigma-Aldrich, Switzeda clone: hVIN-1; dilution:
1:400) followed by a Cy3 conjugated IgG goat antuse secondary antibody (Acris
Antibodies, Herford Germany; dilution: 1:800).

F-actin was detected with Alexa488 conjugated pidih (Invitrogen, Oregon USA;
dilution: 1:400) and nuclei stained with DAPI (ltndgen, Oregon USA; 4',6-diamidino-
2-phenylindole; dilution: 1:48°000).

Sox-9 transcription factor was labelled with a mdooal mouse antibody (Lubio-
Science, Switzerland, clone: 3F11; dilution: 1:26f))owed by an Alexa546 conjugated
IgG1 goat anti- mouse secondary antibody (Lubieefoe, Switzerland, dilution: 1:200).
Fluorescence images were acquired on a Zeiss LSM TMPE (Zeiss, Wetzlar,
Germany) confocal laser scanning microscope undestant conditions using either a
40x or a63x immersion objective. Eight bit z-stackages were recorded in three
different, regions of each substrate.

To quantify type Il collagen expression pixels watfiluorescence intensity higher than 20
(arbitrary units) were counted on each z-planeyquiie Zen2008 software (version 5.0,
Zeiss Microlmaging GmbH). The z-stack with the l@ghflorescent counts was taken

and normalizeds the number of DAPI stained nuclei in the corresping stack.

Gene Expression Analysis

After 7 days of re-differentiation culture, HAC weeharvested (as described above; using

collagenase and trypsin). RNA was extracted froendhtained cell pellets with 250 pl
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Trizol (Life Technologies, Basel, CH) according tiee manufacturer’s instructions.
Extracted RNA was treated with DNAse following timetructions of the RNeasy Kit

(Ambion, Austin TX). cDNA was generated from toRINA using reverse-transcriptase
Stratascript (Stratagene) in the presence of dNfAd @TT. Real-time PCR reactions
were performed and monitored using the ABI prisnd0f Bequence Detection System
and the Sequence Detector V program (Perkin-Elmppliéd Biosystems). cDNA

samples were analyzed for type | and Il collaged fom the housekeeping gene (18S
ribosomal RNA), using previously described sequsmderimers and probes (100). Each
cDNA sample was assessed in duplicate and thegeollamRNA expression levels were

normalized to the corresponding 18S rRNA levels.
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RESULTS

Substrate Characterization

The elasticity of swelling equilibrated polyacrylmi® (PA) gels was determined by
rotational rheometry, measuring the dynamic sheadulus G) which consists of the
shear storage modulu&’) and the shear loss modula”’(, see Fig. 1 and Tab. 1). The
dynamic shear moduluss(= G’ + G”) was converted into the Young's modulls £
2G'(1+v)), which is more widely spread to describe substedasticity and thus referred
to hereafter (see Tab. 1). For the Poisson raji@ (value of 0.464 was assumed as it has
been reported for PA by others (224).

Based on the mechanical compliance of the correpgntype | collagen (CI)
functionalized PA, the substrates employed in wsk are referred to a3.3kPa(soff),
21kPa(intermediately stijf and 75kPa (stiff). TCPS coated with CI (TCPS w/ CI) was

considered to be dnfinitely stiff substrate
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Fig. 1 Characterization of polyacrylamide substrate edagti (A) Time course of shear storage modulus @) in
polymerizing acrylamide (PA) mixtures. The polynzation time course (20 min.) of three different mes
consisting of acrylamide (AA, monomer) and N,N’-imgéenbisacrylamide (BIS, crosslinker) was followiadsitu in a
rotational rheometer (Physica MCR 501, Anton P&@saz, Austria), fitted with a 50 mm diameter paeifilate (PP50).
Measurements were conducted at an oscillation &ecy of 1 Hz and an amplitude of 1% at 37°C in anidified

chamber. The volume for polymerization was 2 ml antlated with 30 pl 10% amonium persulfate (AR®S) 30 pl
10% tetramethylethylenediamine (TEMED). The condians for AA BIS were: 5% 0.003% (open circles),
10%_0.2% (grey triangles), 20%_0.3% (black diamdrahel the duplicates prepared independently. Fatigwhe lag

phase, G’ increased monotonically but ceased lems 5 min. after initiation of polymerization. Afte-20 min. of
polymerization, each of the three AA/BIS compositiceached its distinct plateau value. (B) G’ congoa ofin situ

polymerized PA (20 min. after initiation, black ban = 2) and swelling equilibrated PA (in PBS@m temperature
over night, white bars, n = 4). Swelling equiliEatPA displayed G’ values which were 33 to 85% loe@mpared to

the correspondinin situ polymerized PA. Error bars represent standardadievi.
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HAC Attachment and Proliferation

Phase contrast images taken 24 hours after seedpamnded/de-differentiated HAC in
chondrogenic medium revealed a homogenous celliliton (see Fig. 2). HAC
attachment was comparable on of the three diffdPénsubstrates, but 17 to 28% lower
(see Fig. 3, Kruskal Wallis, Conover,<p0.05) than on TCPS w/ CI. Throughout the 7
days of HAC cultivation in chondrogenic medium, Igevation remained below one total
doubling and was similar on tteoft (0.20+0.17 total doublings) and thhdinitely stiff

substrate (0.25+0.16 total doublings).

Fig. 2 Representative phase contrast images of expanddiffelentiated adult human articular chondrocytidaC),

24 hours after seeding onto the corresponding gatbstin chondrogenic mediur@.3, 21 and 75kPandicate the
substrate elasticity (Young's modulus) of the threentrasting, type | collagen functionalized polydamide
substrates. Tissue culture treated plastic coaitbdtype | collagen (TCPS w/ Col I) served as dimitely stiff control.

Scale bar: 200 pm.
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Fig. 3 Attachment of expanded/de-differentiated adult humdicular chondrocytes (HAC) 24 hours after segdinto
the corresponding substrate, in chondrogenic meduf) 21 and 75kPéndicate the substrate elasticity (Young's
modulus) of the three contrasting, type | colladenctionalized polyacrylamide substrates. Tissubuoa treated
plastic coated with type | collagen (TCPS w/ Coséyved as an infinitely stiff control. The numleéradherent cells
was determined from representative phase contgitrhicroscopy images and expressed as perceafage number
of initially seeded cells. The asterisks indicagmgicant differences (Kruskal-Wallis paired (Camo); p= * < 0.05

and *** < 0.001; n = 6).

HAC M orphology

In chondrogenic differentiation medium, a roundeorphology and a limited spreading
were characteristic features of HAC, cultured onsaft substrate (see Fig. 2).
Contrastingly, orintermediatelyto infinitely stiff substrates, HAC were fully spread and
assumed an average spreading area which was naor& i&-fold higher than on trseft

substrate (see Fig. 4, One-Way ANOVA, Tukey H3Dx 0.001). That on theoft
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substrates, HAC tended to assume a round morpholoay also reflected by the
shapefactor®,, which was 40 to 50% higher than ariermediatelyto infinitely stiff
substrates (see Fig. 4, One-Way ANOVA, Tukey H$Dx 0.001). Despite these
differences, the average spreading area and shefme 6f HAC onintermediately stiffo

infinitely stiff substrates was found to be similar.
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Fig. 4 Average area (A) and shape factbg (B) of expanded/de-differentiated adult humancatéir chondrocytes
(HAC), 24 hours after seeding onto the correspandimstrate, in chondrogenic mediwrB1, 21and75kPaindicate
the substrate elasticity (Youngs’ modulus) rangéhefthree contrasting, type | collagen functiaredi polyacrylamide
substrates. Tissue culture treated plastic coatidtype | collagen (TCPS w/ Col I) served as dmitely stiff control.
The shape factor was computed from the cell ardgpanimeter and can range from zero for starfisiped cells to 1
for perfectly round shaped cells. Area and perimefeadherent cells was measured on representpkisse contrast
light microscopy images. The asterisks indicataificant differences (One-Way ANOVA, Tukey HSP;= *** <

0.001; n> = 55).
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HAC Actin Cytoskeleton and Focal Adhesions

Fluorescence microscopy of HAC labelled for F-acimd vinculin showed that the
morphology observed by phase contrast microscaipgr (24 hours) was maintained after
7 days of re-differentiation culture (see Fig. ®n thesoft substrate, HAC remained
spherical with F-actin mainly localized corticallynintermediately stiffo stiff substrates
however, HAC were spread, flattened and displayé&brdlar F-actin organization into
stress fibres. On all substrates, vinculin wasetisgd throughout the entire cytoplasm but
appeared most intense in the perinuclear regiorgrégations of vinculin into small
clusters were detected in lamellipodial region$18{C cultured onintermediately stifto
stiff substratesOn the latter, HAC in confluent spots displayedrenactin stress fibres
than cells which were more isolated. Moreover,rastiess fibres appeared more aligned
and distinct orstiff as compared tmtermediately stifEubstrates, where F-actin was more

diffuse throughout the cytoplasm (see Fig. 6).
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Fig. 5 Representative confocal laser scanning microscomgeés (maximum projection) of expanded/de-difféated
adult human articular chondrocytes (HAC), labelfed F-actin (green), vinculin (red) and nuclei ®uHAC were
induced to re-differentiate for 7 days in chondmigemedium, on substrates of contrasting elastiifpung’s
modulus) which in (A, B) waé.31kPafor (C, D) 21kPaand75kPain (E, F). Images in the right column show details
(indicated by the white arrow) of the correspondimgge to their left. (B) Shows a merge and theassp channels of
a mid section through a single HAC with sphericalrphology (as indicated by the arrow in image Adal® bars are

50um for the left column and 10um for the rightuzoh
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Fig. 6 Representative confocal laser scanning microscom@gés (maximum projection) of expanded/de-difféated

adult human articular chondrocytes (HAC), labelfed F-actin (green), vinculin (red) and nuclei @uHAC were
induced to re-differentiate for 7 days in chondmigenedium, on substrates on intermediately séiffZ1kPg and stiff
(B: 75kP polyacrylamide substrates. HAC in more confluegfions formed more actin stress fibres than isdlaglls.
Moreover, actin stress fibres and aggregates ailiim were more distinct on the stiffer than on ihtermediately stiff

substrate. Scale bar: 20um.

Sox-9 Expression

After 7d of culture in chondrogenic medium on tleresponding substrates, HAC were
immuno-labelled for transcription factor Sox-9 (déig. 8). Generally, frequency and
intensity of nuclear Sox-9 localization was hetemgpus throughout the HAC
population, but most frequent and intense in HAGuced on thesoft substrate. This also
coincided with higher cytoplasmic concentrationscampared to in HAC cultured on

intermediately stifind thestiff PA substrate.
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Fig. 7 Representative confocal laser scanning microsco@gés of human articular chondrocytes (HAC) laklefte
Sox-9 (red) and nuclei (blue). (A, B) HAC after ergion (passage 3) on infinitely stiff glass suiss. (C,D)
Expanded/de-differentiated HAC after 7 days of iféetentiation culture in chondrogenic medium, arfinitely stiff
glass substrates. Since Sox-9 expression was peterous throughout the population, two images a@ws
representing lowest (left column) and highest S@xdression (right column) for each condition. Pnesented images
are midsections through the nucleus. Single plavee acquired at the z-level of highest Sox-9 isityn Scale bar:

50pm.
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Fig. 8 Representative confocal laser scanning microscopggés of expanded/de-differentiated human articular
chondrocytes (HAC), labelled for Sox-9 (red) andlaiu(blue). HAC were induced to re-differentiate 7 days in
chondrogenic medium, on substrates of contrastimstieity (Young’'s modulus) which in (A, B) was31kPa,for (C,

D) 21kPaand75kPain (E, F). Since Sox-9 expression was heterogen#moughout the population, two images are
shown representing lowest (left column) and higlsest-9 expression (right column) for each conditibhe presented
images are midsections through the nucleus. Spiiglees were acquired at the z-level of highest Soxensity. Scale

bar: 50pum.
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Gene Expression

Expanded/de-differentiated HAC cultured for 7 dawgsthe corresponding substrate were
analyzed for type | and 1l collagen mRNA expresqsee Fig. 9). In control experiments,
where TGF was omitted from the chondrogenic meditype Il collagen mRNA
remained at levels comparable with that of expaftiedifferentiated HAC.
Contrastingly, type | collagen mRNA was lower oe fRA substrates and in aggregates
(3.9 to 9.6-fold) but on TCPS w/Cl also remainedieatels comparable with that of

expanded/de-differentiated HAC.
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Fig. 9 Type 1l (A) and | (B) collagen mRNA expression l&/®f expanded/de-differentiated adult human aldicu
chondrocytes (HAC) after 7 days of culture in chaggnic medium without (white bars) or with (blagars) TGF.
0.31, 21and75kPaindicate the substrate elasticity (Youngs’ modulage of the three contrasting, type | collagen
functionalized polyacrylamide cell culture substmatTissue culture treated plastic coated with typallagen (TCPS
w/ Col I) served as an infinitely stiff and HAC aggate cultures (Aggr.) as positive controls. Alues are normalized
vs the housekeeping gene 18S and the dashed liresesgpts the mMRNA expression level in expanded/terentiated
HAC. Asterisks above the brackets indicate a sicgift differences between two corresponding barsigkal-Wallis
paired (Conover)p=* < 0.05 and ** < 0.01; n = 15, 4 donors). Opértles above the white bars indicate a significant

difference vs. (+) TGF on the same substrate (Mattitney, U-test, two tailed; n = $,< 0.05).
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Inclusion of TGF in the chondrogenic medium (stadyl&ad a strong general effect on
type Il collagen mRNA expression in HAC (Mann-WHyn U-test, two tailedp =
6.0x10° and despite for thimfinitely stiff substrate, it induced an up-regulation ranging
from 459-fold onintermediately stifsubstrates to 3642-fold in HAC aggregates (Kruskal
Wallis paired (Conover) < 0.05). Although less dramatic, TGF also hadreega effect
on type | collagen mRNA expression (Mann-Whitneytest, two tailedp = 1.5x10%
and induced an up-regulation in HAC culturedsorfit (12.2-fold) andntermediately stiff
substrates (6.2-fold; Kruskal-Wallis paired (Comgyp < 0.05).

Type 1l collagen mMRNA expression by HAC after 7dcafture in chondrogenic medium
on thesoft substrate was similar to that in aggregate culaune 6.4 to 18.1-fold higher
than onstiff andinfinitely stiff substrates (Kruskal-Wallis paired (Conovey)< 0.05).
While intermediately stiffsubstrates still allowed for a 6.2-fold higher ayp collagen
MRNA expression (Kruskal-Wallis paired (Conovegrx 0.05), no difference was found
between thestiff PA substrate and thiefinitely stiff TCPS w/ CI. Type | collagen mRNA
expression was not altered by substrate stiffnedge@mained at levels comparable to that
in expanded/de-differentiated HAC. However the &lisomRNA expression level of

type | collagen was more than 514-fold higher ttieat of type Il collagen.

Typell Collagen Protein Expression

Expanded/de-differentiated HAC cultured for eitffeor 14 days on the corresponding
substrate were analyzed for type Il collagen proteipression (see Fig. 10 & 11, data
adapted from master thesis Andreas Trissel 201%)Z2uorescent staining in the form
of intracellular granules could only be detectedHAC cultured onsoft substrates.

Surprisingly, after 14 days of culture the fluomscintensity (see Fig. 11, data adapted
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from master thesis Andreas Trussel 2010 (225))aend be lower as compared to after 7
days. On thentermediatelyto infinitely stiff substratesthe fluorescence signal remained

on levels comparable to that in negative contrahatg (secondary antibody only).
Fig. 10 Representative confocal laser scanning microscmagés (maximum projection) of expanded/de-diffeated

adult human articular chondrocytes (HAC), labeliedtype 1l collagen (red) and nuclei (blue). HA@re induced to

re-differentiate for 7 days in chondrogenic mediwm, substrates of contrasting elasticity. The sabestelasticity
(Young’s modulus) in (A) i9.3kPa,for (B) 21kPa,75kPain (E) andinfinitely stiffin (C; glass coated with type |

collagen). Scale bar: 50um. Data adapted from m#stsis A. Trissel 2010 (225).
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Fig. 11 Type Il collagen expression of expanded/de-diffeeged adult human articular chondrocytes (HAC). HA
were induced to re-differentiate for 7 days in dmgenic medium, on substrates of contrasting ieigst The
substrate elasticity (Young's modulus) in (A)ds3kPa,for (B) 21kPa,75kPain (E) andinfinitely stiff in (C; glass
coated with type | collagen). The dashed line regmés the fluorescence signal in HAC that werensthiwith the
secondary antibody only (negative control; backgobfluorescence). After thresholding, the numbepiskls were
counted from confocal laser scanning microscopygesamaximum projection) of type Il collagen labdlHAC, and
expressed as kilopixels normalized the number of nuclei. Scale bar: 50um. Data aghfiom master thesis A.

Trissel 2010 (225).
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DISCUSSION

Using type | collagen coated PA substrates of estitig stiffness,q.3kPa soft,21kPa
intermediatelyand: 75kPa stiff, we investigated the influence of substrate mEiggton
the re-differentiation of expanded/de-differenttht¢AC. Thesoft substrates allowed for
attachment comparably to tigermediatelyto infinitely stiff substrates, but supported a
spherical morphology, from which actin stress fébend focal complexes were absent.
Moreover, HAC orsoft substrates displayed highest Sox-9 nuclear traastm and type

Il collagen expression (MRNA and protein).

Attachment & Proliferation

The comparability of the PA substrates with regarédhesive ligand presentation was
reflected by the similar degree of HAC attachméeté¢on. That in contrast to PA, HAC
attachment on TCPS w/ CI was higher, could be @ssatwith the different modes of
protein immobilization on the two substrates. WH#A was functionalized with CI by
chemisorption (sulfo-SANPAH crosslinker), TCPS wasited with CI by physisorption.
Both approaches are known to influence native liokd protein activity and likely do so
in a distinct but unpredictable manner (for revieee (178)) and thus prompts for
carefully comparing TCPS and PA in this regard. leer, considering substrate
elasticity to be the key parameter, protein codt€®#S as well as glass have previously
been employed as infinitely stiff substrates (ia tnder of MPa) and allow to extrapolate

the maximal stiffness of PA (~80kPa) (226;227).
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While on all substrates HAC attachment in chondnogenedium roughly matched which
with values previously found under expansion cood# (140), proliferation of re-

differentiating HAC was very low on bo#oftandinfinitely stiff substrates. This allowed
to bypass proliferation inherent de-differentiati®b), which may have clouded the

analysis of matrix elasticity as a direct diffeiatibn cue in previous studies (208).

Morphology & Sox9 Expression

The soft substrates were demonstrated to permit for sinlllR€ morphology as can be
achieved by well established culture conditionsiciwthave been described to support a
round cell morphology (96;101;124;212-215). In f&tAC cultured orsoftPA substrates
in chondrogenic medium displayed characteristiceetsp of chondrocytesn situ
(228;229), including a round/spherical morphologgrtical actin filament organization
and the lack of focal adhesions. Moreover, the mmogcal observations in the present
work were in good agreement with a complementarydyst which assessed the
maintenance of porcine and bovine chondrocytes espanse to matrix elasticity
(208;230).

Contrastingly,Intermediately stifto infinitely stiff substrates, allowed for cell spreading,
actin stress fibre formation, and focal adhesicseably which coincided with reduced
Sox9 transcription factor expression/nuclear-tracesion and type Il collagen (mMRNA
and protein) expression. This coincidence sugdestthe involvement of Rho GTPases,
which are well characterized upstream regulatorthefactin cytoskeleton (231;232) and
have been found to influence chondrocyte diffesgitth and function. More specifically,
RhoA and its effector ROCK suppress cortical actiganization, lead to stress fibre

formation, the maturation of focal adhesions anlibits chondrogenesis through the
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supression of Sox9 expression (165;233). To datx93s known to be the only

transcription factor absolutely necessary for chogenesis (234-236) and directly
regulates the transcription of the collagen Il g&286-238).

That Sox-9 expression was heterogeneous througheutell population may reflect the
different zonal origins of HAC harvested from whaleicular cartilage. This complicates
the analysis of the fluorescence images and profigpte quantitative assessment of
nuclear Sox-9 translocation (normalized to cytopliasevels) to more precisely estimate

its promotor activating levels (in progress).

Chondr odiffer entiation

Matrix elasticity per sehas been demonstrated to be sufficient for dimgctineage
specification of MSC (109), but it did not indueedifferentiation of HAC. This suggest,
that although HAC expanded in presence of spegifawth factors assume MSC-like
traits (100), they might not fully acquire the degrof plasticity of their progenitors.
Although not additional, substrate elasticity wédeato modulate the soluble chondro-
inductive stimulus provided by TGF. This suggestsd cross talk between soluble and
insoluble signals and implies that depending on riechanical compliance of their
environment, cells might respond differently to teme soluble signal. This has first
been demonstrated for contractile fibroblasts, Wwitnly were able to maintain/generate
TGF induceda smooth muscle actimSMA), when cultured on stiff (20kPa) but not on

soft (8kPa) collagen gels (239).

The strong up-regulation of type Il collagen mRNA HAC on soft substrates is in

agreement with findings of a previous study usingcme chondrocytes (208). However,
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the differences in type Il collagen mRNA expresdimtween the softest and the stiffest
substrate were found to be more pronounced as ttih@se reported by Schuét al.

(2010). This could be due to the difference in ¢gfle and/or to the aforementioned
proliferation associated de-differentiation. Anatheason could be, that the softest
substrate (4kPa) used by Schuh et al. (2010) was than 10-fold stiffer as compared to

thesoftsubstrates (0.3kPa) employed in the present study.

The reason why type Il collagen was mainly founiaicellularly but not extracellularly
is unclear but could possibly be due to blockedast from HAC or low retention on the
inert PA substrates. Interestingly, the staining wat continuous but localized into small
granular features which were scattered throughmentire cytoplasm. Similar, staining
has been observed in chick chondrocytes and attdbto type Il pro-collagen (209).
Although, the type Il collagen expression looksmpiging, these are primary results,

which need further confirmation.

Interestingly, the E modulus of tlseft substrates matches well with values reported for
mesenchymal stem cells (240). Since in the devetplonb bud, mesenchymal stem cells
aggregate to form mesenchymal condensations (B@5)mplies that they might greatly
determine the mechanical properties thus suggtsis,thesoft substrates could have
mimicked the mechanobiological environment presgtiie onset of chondrogenesis.

In chondrogenic medium, Type | collagen mMRNA expi@s by HAC was rather high in
both aggregates and on soft substrates. This dmldue to the fact, that 7 days of re-
differentiation is still quite short. Actually, s known, that in the developing limb,
Collagen | plays an important role during mesendiyecondensation but is down-

regulated as chondrogenesis progresses (218).
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M echanisms of M echanotransduction

The precise mechanisms by which substrate elgstitfiuiences cell behaviour are still
elusive (241). Still, the number of studies whicbhyide mechanistic insight on the topic
of mechanotransduction is increasing and has lgtetroposal of different models.

An extracellular model describes that if cell gexted tension meets resistance from the
ECM, it allows to free/activate latency associapedtein (LAP) bound growth factors
(i.,e. TGF) which are sequestered in their inactiven throughout the ECM (207).
However, it seems unlikely, that matrix elastiomodulated the effect of TGF by this
mechanism, since the chondrogenic medium was sueplied with free/active TGF and
since type | collagen (immobilized on the PA sudits$s) is not known to possess a TGF

or a LAP interaction site.

Other models focus on intracellular effects of xadtasticity. The strain within a cell is
manifested as protein extension, domain unfoldiagg or protein-dissociation that
relieves stress and/or creates sites for new hkingertners, which elicits a chemical
diffusion based signalling (241). Alternatively,tesnal forces are thought to propagate
into the cell nucleus through cell surface transimeme receptors, that couple the ECM
to cytoskeletal networks, which in turn link to tear scaffolds, nucleoli, chromatin and
DNA. This channelling of forces across discretedlbaaring cytoskeletal filaments might
promote changes in the shape, folding or kinetfcspecific, load-bearing molecules or
might modify higher-order chromatin organizatiordahereby alter nuclear protein-self-
assembly, gene transcription, DNA replication orARprocessing. Moreover, this model
suggests, that tissue elasticity as an insolubdecould specify genome organization and

nuclear matrix composition, which could prime cdis react differently to the same
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soluble signal through differential tethering ofnge to load-bearing nuclear scaffolds
(242). Likely, both the chemical diffusion basednda the direct nuclear

mechanotransduction work in a complementary/intéfigsion.

OUTLOOK

The adhesive ligand employed in this work was iestl to type | collagen, but could be
extended to other ECM proteins as i.e. type llag®h, which has been shown to support
the native morphology of chicken epiphysial chomgtes (129). This suggestion also
finds support by the fact that myogenic and ostemgéifferentiation of human MSC can
be directed by the interplay of substrate stiffnesd type of adhesive ligand presented
(243).

Instead of using native proteins like type | colagengineered proteins (i.e. modified
FN-fragments) or truncated proteins (i.e. RGD-cmitg peptides) could also be used as
cell-ligands and have previously been demonstratedodulate the behavior of human

fibroblasts and HAC respectively (137;140).

Although the two dimensional (2D) PA gels employethe present work proofed to be a
valuable tool, future experiments to investigate #ffects of substrate elasticity on cell
behavior should be performed in a three dimensi@mlironment (3D). 3D culture

systems possess fundamental advantages over 2Disraxi¢hey allow cells to adopt
their native morphology, increase cell-cell intéi@es and facilitate contacts with the
ECM (244;245). Moreover, a 3D environment wouldnbere representative of i.e. an

situ situation and thereby be clinically more relevaitfortunately, PA polymerization is
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not compatible with living cells, and thus does albdw for cell encapsulation. A simple
approach to bypass this technical obstacle couldultering cells in aggregates mixed
with PA micro particles. Together, the 2D and the BA model could allow to
investigate cell responses to the influence of tsates elasticity & architecture in
combination with other parameters such as solw@dtfs and/or the type of immobilized
cell adhesion ligand.

A more sophisticated alternative would be i.e. At&Ged hydrogels which allow for cell
encapsulation under physiological conditions argb alan be tuned in their elasticity.
Furthermore, PEG-based hydrogels can be dopedhalbgical functionalities as i.e.
matrix metalloproteinase-sensitive motifs and tlallew for enabling and controlling
their biodedradability (246). This stands in stroogntrast to most other synthetic
materials which cannot be remodeled by cells, amgtdd in their degradation
(hydrolysis) and thus may not be compatible with de novoformation of matrix by
cells (247). Still, PA-gels can easily be prepaireé biology lab since all the required
ingredients are commercially available and simpleassemble. PEG-gels are not more
complicated to assemble, yet, their building blocksnot be bought off the shelf, but
first have to be synthesized and characterized.

Taken together, 2D PA gels and 3D PA microparticdesld be further exploited as
simple but potent model tools in basic biology, Mhior rather clinically oriented
investigations more sophisticated materials shdaddconsidered, which not only are

biocompatible but also can be remodeled by cells.

Based on their chondroprogenitor like plasticitP), expanded/de-differentiated HAC
may provide a prediction on the behaviour of borerow derived mesenchymal stem

cells, which are receiving increasing interest $sagiation within situ cartilage repair
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approaches(152). These repair procedures invob/pehetration of the subchondral bone
plate by small perforations (microfracturing) whiahow the recruitment/infiltration of
mesenchymal stromal cells (MSC) from the bone mrai@204). MSC have the potential
to undergo chondrogenic differentiation (156), bte thought to require the support of
inductive/instructive biomaterials to improve mifrexturing stimulatedin situ cartilage
regeneration (152;203). In this light, it appeamsnpising to also investigate the effect of

matrix elasticity on the chondrogenic differentiatiof human MSC.

CONCLUSION

Substrate elasticity modulated the re-differergiati response of expanded/de-
differentiated HAC to the chondrogenic stimulus P& and thus underscores
mechanical compliance in combination with apprdgrisoluble signals to be important

parameter in designing biomaterials for cartilagair.
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By modifying specific substrate characteristics@dehaviour could be modulated under
conditions which were either permissive for protifiion or differentiation. In chapter |

for example, substrate composition & architecturerev found to modulate the

chondrogenic differentiation of MSC. That the didk copolymer model substrate
(Polyactive®) with a more hydrophobic compositionettbr supported MSC

chondrogenesis, is likely associated with diffei@nprotein adsorption (from serum

containing medium). However such proteinaceousrfetes are rather complex with
regard to protein composition and conformation ébar As this conceals the specific
cues responsible for mediating the observed effettconsequently prompted for

reducing substrate interface complexity in subsetjuestigations (chapter Il & IlI).

A 3DF architecture with more highly interconnectaares and a pore size that allowed
for the formation of larger MSC aggregates than @M scaffolds was found to

considerably better support MSC chondrogenesised éigether, the findings in chapter
| underscore the importance to control substratepasition & architecture and point to
their potential to modulate CPC cartilaginous mxatormation from fibrous towards

more hyaline like.
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Chapter Il proofed, that restricting cell/substratéeraction to a specific ligand type
(RGD-containing peptide) modulates de-differentiatiof proliferating HAC and their
subsequent capacity to form cartilaginous matrikisTdemonstrated the advantage of
small ECM fragments in combination with protein isé@nt materials to control
cell/surface interaction. An important finding wtee better maintenance of the HAC
chondrocytic phenotype during expansion. It suggdstat an RGD-restricted substrate
has the potential to improve the outcome of maiggistedn situ cartilage repair, which
initially requires recruited/infiltrated CPC to piferate, while keeping/inducing their

capacity to form cartilaginous matrix.

In chapter lll, substrate elasticity allowed to mlade the chondrogenic commitment of
HAC. The finding, that a soft substrate (0.3kPajtdvesupported the chondrogenic
phenotype of HAC than i.e. a stiffer substrate @&k suggests this parameter to be

promising for modulating the outcome of matrix ag=i cartilage repair.

All chapters clearly demonstrated the potentiabuabstrate properties to modulate CPC
behaviour. Yet, although differentially supporti@PC chondrogenesis, none of the
substrates waser sechondro-inductive (see chapter | and IIl) but rieeg for additional,
exogenic stimuli as for e.g. TGF. Thus, substratedifications hold considerable
potential for improving matrix assisted cartilaggair but likely have to be combined

with additional soluble stimuli to exploit theirlfgpotential.
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For reasons of feasibility, the sequences followimgro fracturing stimulated cartilage
repair have been grouped into two main phases stomgiof i ) proliferation and ii)
differentiation. From these phas&s vitro conditions were inferred for testing the
response of condroprogenitor cells (CPC) to spelfi modified substrate interfaces.
However, aiming atn situ repair, these two phases would have to be linkéds, the
supportive properties found in this thesis woulgento be provided by one and the same
material. This could be accomplished by a dynawiaxk-like material that adapts to the
specific needs during the two different phasesad®xample, such a hypothetic material
could be an RGD-restricted, relatively stiff substr £20kPA). After a duration long
enough to allow for proliferation, the material vMduneed to soften (~1kPa) for
supporting chondrogenic differentiation of the aegted CPC pool. The architecture of
the envisioned ideal material initially should a&lldor efficient CPC infiltration and
distribution but also should permit the formatiorh cellular aggregation during
chondrogenic differentiation. These requirementsldqossibly be met by a single
architecture like the 3DF.

As mentioned above, such a supportive material ldhbe combined with appropriate
soluble factors to stimulate either proliferationieduce differentiation. The release of

these factors should be in concert with the cooedmg phase of cartilage repair and
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could be preceded by a burst of suitable cytokiteesenhance CPC recruitment/
infiltration.

Combining supportive substrate properties with ¢ithe soluble stimuli, it should
ultimately be possible to move from biomaterialsichhsupport cartilaginous repair to

active medical devices which mediate cartilageirepa
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