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ABSTRACT

INTRODUCTION

Osteoarthritis (OA) is a degenerative
joint disease, and amajor source of pain,
disability and soceconomic cost worldwide
[1], with 15 million new cases diagnosedktey
year [2].

Current therapies, including lifestyle
modification and pharmacological treatments
[1], are all aimed at alleviating symptoms,
while there are no available effective disease
the

modifying drugs able to reverse

degenerative process [3].As a result
prosthetization remains the only option to
restore joint functionality in severe casef3].
While sveral new approaches forOA

treatment, both  pharmaceutical and
regenerative [4],are being investigated, a
deeper understanding othe pathogenesis
and underlying mechanisntf this pathology
is still required

OA is in fact widely recognized as a
multi-aetiological, = complex patholoy
affecting the jointas a whole. Joint tissues
such ashyaline cartilage, calcified cartilage,
subchondral bone, and synoviurare all
affected[5]. Hyaline cartilage is an avascular
and aneural tissue, populated by a single cell

type: chondrocytes. Its njar organic

components are collagen type Il and aggrecan.

During OA, hyaline cartilage undergoes

alterations such as inflammation, extracellular
matrix (ECM)degradation vascularisation,
and chondrocyte hypertrophy [5], [6]. Hyaline
cartilage ies on calidied cartilage,a thin
tissue layer populated by hypertrophic
chondrocytes. One of the hallmarks of OA is
the duplication of the tidemark, the interface
between hyaline and calcified cartilage. Other
alterations of calcified cartilage include
vascularisabn and development of regions of
new bone formation [5]. Subchondral bone is
the bone layer lying immediately beneath
cartilage. It can be divided into two distinct
anatomical entities, namely cortical plate and
subchondral trabecular bone. OA is assaaiat
with an increased cortical plate thickness and
a reduced bone stiffness [5], [7]. Finally,
another tissue affected by OAtige synovium

a connective tissue lining diarthrodial joints
which wndergoes hyperplasia and
inflammation [8].

OA models, botln vivoandin vitro, are
vital for the development and testing of new
potential therapies. Whilein vivo models
provide the most accurate reflection of the
naturally occurring wholgoint diseasethey
are costly, timeconsuming and seldom allow
a deep dissecion of the degenerative
mechanismg49], [10]. Moreover, the ease of
manipulatingn vitro systems, as well as a shift
towards the 3R aprinciple of refining,

reducing and replacing the use of animal

10



ABSTRACT

experimentation makesin vitro modelling of
OA desirable[10]. No satisfactoryin vitro
models, however, are yet available.
Traditional monolayer cell culturemodels
provide a too simplistic descripim of the
pathology, and chondrocytes are known to
20 ECMfree
environment[10]. Also, gveral 3D models of

OA have been developed [10While 3D

dedifferentiat  in a

systems at the macroscale are more accurate
in the recapitulation ofOA and allow the
introduction of mechanical stimijiwhich play

a major role inthis pathology they areoften
cumbersome to use, and difficult to
implement into highthroughput drug
discovery campaigns, where parallelization is
of the utmostimportance [11].

The applicatia of microfluidics to cell
biology studies, with the development of
organson-a-chip, recently opened up new
perspectives, making it possible to provide
cells with accurate biochemical and
biomechanical stimuli and with a precisely
3D [12].

Moreover, the reduced scale determines a

tailored microenviroment

reduction of experimental costs and time, and
high
throughput analyses []. A previous study

facilitates the implementation of

has already mven the feasibility of

developing a representative microfluidic
model of OA [4]. Thismodel, however, only

focused on hyaline cartilage, while OA is

widely recognized as&hole joint pathology
[5]. Therefore, a multtissue models needed
to better recapiulate its complexity.

In this framework, the present work
aimed at developing a microfluidic device for
the culture and mechanical stimulation of two
3D hydrogebased cell constructs with a
direct interface. The device was used to
generate mature osteochalral constructs
with a hyaline cartilage compartment (derived
from human articular chondrocytes, HACS)
and a calcified cartilage compartment
(derived from mesenchymal stem cells,
MSCs). Moreover, the induction of some key
features of OA in the constructirough the

application of a cyclic hyperphysiological

compression wademonstrated

v Ty
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Fig. 1: A) exploded view of the three lay
composing the devigc@amely the culture chamk
(top), the actuation membrane (middle), and

floor (bottom}) B)3D view of the assembled dev
A single functional unit, composed of a cul
chamber and an actuatiochamber is shown The
whole device comprises three flanked functi
units; C) section of the culture chamber and

actuation chamber;D) top view of the four
channels composing the culture chamber.
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ABSTRACT

A sketch of theengineeredmicrofluidic
device is shown ifrig.1. The device consists
in three polydimethylsiloxane (PDMS) layers:
a culture chamber, an actuation membrane,
and a floor. The culture chamber is composed
of two central channels, where two different
hydrogetbased cell constructs can be injected
(one representing hyaline cartilage, the other
calcified cartilage)and two lateral channels
for the culture medium. The gel channels are
separated from the medium channelsy a
row of Fshaped, overhanging lateral pillars. A
gap is present between the bottom surface of
the pillars and the underlying membrane. The
membrane and the floor are sealed together
forming an actuation chamber. When the
actuation chamber is pressued, the
membrane bends upwards until it abuts
against the pillars, delivering stragontrolled
compressive stimuli to the cell constructs.

Three different versions of the device
were designed. Features with different
geometries were considered, to allow the
injection of different hydrogels in the two
central channels whilguaranteeinga direct
interface between them. Hexagonal shaped
pillars and a continuous overhanging wall
were consideredas alternatives to separate
the two hydrogels Moreover, devices that
could deliver either a symmetric mechanical
stimulation, providing both cell constructs

with the same strain level, or an asymmetric

stimulation, compressing the hyaline cartilage
construct more than the calcified cartilage
one, were designed and realized.

The culture chamber was dimensioned
to guarantee an adequate diffusion of
nutrients and chemicals within the cell
constructs and to dueve the desired
hyperphysiological compression level, set to
30% according to literature fi. Widths of
I YR >Y GSNB I R:

channels; the heights of the pillars and the gap

onn pnn

gSNBE asSi G2 wmnn >Y FYyR
leading to a to&l culture chamber height of

Mno >Y® [ GSNJI ¢ LIA £ € | NJ
minimize the lateral expansion of cell

constructs upon compression, reduce the
leakage probability during the hydrogel
injection (according to a modified capillary

burst valve model [@]) and provide a

sufficient contact surface between the
constructs and the culture medium.
Finite element models were

implemented to evaluate the strain field
within the cell constructs in the different
device versions. PDMS was described as a
Mooney-Rivlin hyperelastic material, while a
biphasic poroelastic model was adopted for
the hydrogelbased constructs, both for the
hyaline cartilage compartment and for the
calcified cartilage one. Only the Young
modulus was varied between the two

compartments: 100 k& for the hyaline

12



ABSTRACT

cartilage construct,and 200 kPa for the
calcified cartilage one.

Microfluidic devices were fabricated
through soft lithography techniques. The
geometrical features were translated into
masks for soft lithography. Two masks were
produced for the culture chamber (one
corresponding to the pillars and one to the
gap), and one for the actuation membrane. No
masks were needed for the floor of the device,
being its surface unpatterned. The features
were transferred onto silicon wafers by
photolithography.  The  wafers  were
subsequently used as master molds for the
production of the PDMS layers. Liquid PDMS
was poured onto the patterned master molds
for the culture chamber and the actuation
chamber. The unpatterned floor of the device
was obtained g pouring PDMS onto a Petri
dish. The polymer was allowed to reticulate on
a levelled shelf at 65°C for two and a half
hours. The obtained layers were exposed to
air plasma and sealed together.

A geometrical characterization of the
devices was performed, saessg the
accuracy of the fabrication process. Thin
sections of the culture chamber were
obtained. The height of the pillars and the gap
was measured, and used to calculate the
compression level produced by the devices.

The optimal actuation pressuregequired to

make the actuation membrane abut against
the pillars, was also experimentally assessed.

Microfluidic devices wer¢hen used to
generate a cellular model of OA. The biological
phase of the work was articulated into several
steps: first, an optin@ation of the culture
parameters for the generation of MS@Gased
calcified cartilage construcis single culture
and the induction of OA traits in tise
constructs was performed; secondly, the
maturation of osteochondral cell constructs
with a hyaline cdilage compartment and a
calcified cartilage compartment was assessed,;
finally, the induction of OA traits in the
osteochondral constructs through the
application of a cyclic hyperphysiological
compression was evaluated.

To generate the osteochondral
congructs, MSCs and HACs were laden into
2% enzymaticallgrosslinkable andleavable
eightarm polyethylene glycol (PEG) hydrogels
[16], and seeded into the devices. Two weeks
of conditioning with 10 ng/ml transforming
growth factor (TGF) o
a X -Glycerophosphate 10 mM and ascorbic
acid 0.1 mM in static conditions were carried
on. Tissue maturation and ECM deposition
were analysed through phase contrast

microscopy  and immunofluorescence.

Constructs were stained for cell nuclei,
hydroxyapaite, aggrecan and collagen type Il

at different time points (namely day O, day 7

13
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ABSTRACT

and day 14). Quantitative reverse
transcriptionpolymerase chain reaction (RT
gPCR) was used to further investigate tissue
maturation at the gene level. The constructs
were sibjected to enzymatic digestion and
cell sorting prior to RHPCR, to separate HACs
and MSCslerived hypertrophic
chondrocytes. For this reason, HACs modified
to express green fluorescent protein (GFP)
had to be used for the cwstructs to be
analysed through RGPCR. Genes associated
with chondrogenesis (ACAN), chondrocyte
hypertrophy  (COL10A1),

(ALPL), and bone formation (IBSP) were

mineralization

analysed at day 0 and day 14.

To assess the effect of

hyperphysiological the

constructs, MSCs and GERpressing HACs

compremn  on
were seeded into the devices and cultured for
two weeks in static conditiorand one further
week under cyclienechanical stimulation. At
day 21, cells were sorted based on GFP

expression, and RJPCR wsa performed.

Constructs  subjected to  mechanical
stimulation and static controls were
compared. Genes associated with

hypertrophy inhibition (FRZB), inflammation
(CXCL8), catabolism (MMP13), mineralization
(ALPL), and bone formation (BGLAP) were
consideredto evaluate the acquisition of OA
the two

traits in tissues following

hyperphysiological loading.

RESULTS

An evaluation of the strain field within
the hyalinecartilage andhe calcified cartilage
compartments upon compressipm boththe
symmetric andhe asymmetric configuration
was provided by théinite elementmodels of
the device Fig.2 shows a contour plot of the

nominal strain along the vertical directian

NE, ME33

(Avg: 75%)
-5.922e-02
-8.299e-02
-1.068e-01
-1,305e-01
-1.543e-01
-1.781e-01
-2.019e-01
-2,256e-01

the two device configurations.
-2.494e-01

-2.7328-01

-2.970e-01

-3.207e-01 N

-3.4458-01 ® T
Y —

LI
Fig.2: contour plot of the tsain along the vertic:
directionwithin the hydrogels, in the symmei
(top) and asymmetric (bottom) configuration
the device. The calcified cartilage construct i

the right, the hyaline cartilage one on the left.

In the symmetric configuration, the
strain along the vertical directio(NE33) and
the lateral strain (NE11) wer81.3%z+ 1.5%
and -0.8% + 2.0% in the hyaline cartilage
compartment and-27.5%z+ 1.6% and 1.7%
2.4% in the calcified cartilage compartment,
respectively (mediant interquartile range,
IQR) In the asymmetric configuration, RE&
and NE11 were 30.2%4.6% and @1%x 3.6%
in the hyaline cartilage compartment and
-17.4% + 12.0% and0.1% = 7.4% in the
calcified cartilage compartment, respectively.
The strain along the axial direction (NE22) was

negligible in both configations.
14



ABSTRACT

The geometrical characterization of the
devices demonstrated the accuracy of the
fabrication process. Achieved compression
levels were in line with the target value of 30%
for all the device \versions. The
characterization of the optimalactuation
pressure produced a final value of 400
millibars, which was adopted for all the
following biological experiments.

Once the characterization of the devices
was complete, they were exploited to
generate a cellular model of OA. The culture
parametas for the achievement of mature
hyaline cartilage constructs in a microfluidic
[4, while

available

device were known ittle

knowledge  was on the

differentiation of MSCs into hypertrophic

chondrocytes and their behaviour when

subjected do deleterious méanical stimuli.

A characterization of these matters was
performed as a necessary preconcept of the
more complex OA osteochondral model.

A mature calcified cartilage construct
was achievable after 14 days of static culture.
Genes associated with chondragesis (ACAN
and COL2Al),

(COL10A1 and IHH), mineralization (ALPL), and

chondrocyte hypertrophy

bone formation (IBSP) were all upregulated.

Moreover, Calcein staining revealed the
deposition of a mineralized matrix.
After the achievement of a mature

constiuct, the effect of hyperphysiological

compression was evaluated. Gene expression
analysis revealed a 5f6ld downregulation of
the hypertrophy inhibitor FRZB, a Zd&d

upregulation of the bone marker BGLAP, and
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Fig. 3: expression levels oélevantgenes in thi
osteochondral constructs at day 0 and day
Mean and standard deviation (SD) are repol
Statistical significance was determined by Mz
Whitney test. * p €©.05, ** p < 0.01.

Once the characterization of calcified
cartilage constructs in single culture was
performed, the maturation of healthy
osteochondral constructs was assessaftter
14 days of static cocultureHACs and MSCs
derived hypertrophic chondytes were able
to maintain their respective gene signatures.
RTFgPCR showed a higher expression of ACAN
(8.4-fold)
compartment at day 14 with respect to the

15
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ABSTRACT

calcified cartilage one. The expression of
COL10A1 was significantly lom@9fold) in
the hyaline

cartilage compartment as

compared to the calcified cartilage ongéhe

expression levels of ALPL and IBSP were

respectively 35old and 215fold higher in the
calcified cartilage compartment as compared
to the hyaline cartilage an All the genes
were upregulated at day 14 as compared to

day 0, in both compartment§-ig.3).
A

Hydroxyapatite Hydroxyapatite :

immunofluorescence

Fig. 4
osteochondral @nstructs at day 0 (A) and day
(B). The dashed lines indicate the inter
between the hyaline cartilage construct (on
left) and the calcified cartilage construct (on
right). Scale bar 108m.

Retainment of distinct differentiation

analysis

profiles was confirmed by matrix deposition
analyses. Immunofluorescence revealed the
deposition of a mineralized matrix in the
calcified carlage compartment, while the

hyaline cartilage compartment remained non

mineralized. Aggrecan was detected in both
compartments,suggestingthe development
of cartilaginous constructs. However, collagen
type Il, another marker of chondrogenesis,
was only @tected in the calcified cartilage
compartment Fig.4).

The effect of symmetric or asymmetric
the

hyperphysiological compression on

osteochondral construs was assessed.
MMP13 FRZB
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Fig. 5: expression levels oélevantgenes in thi
osteochondral constructs subjected t
hyperphysiological compression. Mean and SI
reported. Statistical significance was determi
by MannWhitney test. * p < 0.05, ** p < 0.01.

In the hyaline cartilage compartment,
hyperphysiological compression induced a
1.8fold upregulation of MMP13 in the
symmetric configuration of the device and a
6.4-fold downregulation in the asymmetric
configuration. CXCL8 was upregulabedboth
the configurations with respect to static
controls. The increase was Z@ld in the
symmetric configuration of the device and
1.2ffold in the asymmetric one. FRZB was
downregulated in both the configurations,
1.3fold and 2.%old, respectively.In the
calcified

cartilage compartment,
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hyperphysiological compression induced a
1.2-fold upregulation of BGLAP in the
symmetric configuration and a 1féld

upregulation in the asymmetric configuration.

ALPL was upregulated in Dboth the
configurations, 2.fold and 1.8fold,
respectively. FRZB was Hadtd
downregulated in the symmetric

configuration. This genwas not detected in

any of the analysed samples for the
asymmetric device configuration, due to the
low amount of genetic material obtained after

enzymatic digestion and cell sortirigig.5).
DISCUSSION

In the present work, a microfluidic
device for the coculture and the mechanical
stimulation of two 3D cell consicts with a
direct interface was developed.

Finite element models of the device
demonstrated the possibility to obtain a
confined compression of the constructs with
the adopted design. Overall, the computed
strain field was in line with the project
requirements for the symmetric configuration
of the device, while some discrepancies were
found for the asymmetric configuration. In
particular, this configuration produced an
inhomogeneous strain in the hyaline cartilage
compartment, and a strainappreciably
different from the target one in the calcified

cartilage compartment. it was

Anyway,

considered to represent a good compromise
between the different optimal conditions
required for the two tissues, and it was used
without further modifications.

The devices were used to generate a
load-based, multitissue cellular model of OA,
representing two tissues greatly involved in
this pathology namely hyaline cartilage and
calcified cartilage.

Preliminary biological tests allowed to
optimise the culture conditions for the
generation of MSCderivedcalcified cartilage
constructs, serving as a basis for the more
complex osteochondral model. Moreover, the
application of a cyclic hyperphysiological
compression on the constructs allowed to
replicate some of the key features of the zone
of calcified cartage in a native osteoarthritic
joint, such as an enhanced chondrocyte
hypertrophy, a

higher proneness to

vascularization, and the development of
regions of new bone formation [5].

Once the preliminary experiments were
complete, the devices were exploitetb
generate  healthy  osteochondral cell
constructs. Mature cartilaginous tissues with
two distinct compartments, one of which
mineralized, the other nomineralized, were
achieved after two weeks of static culture.

Finally, the devices were used to expose
constructs

the osteochondral to cyclic

hyperphysiological compression, recreating
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the condition of mechanical overloading
typical of the native osteoarthritic jointVhile
the asymmetric configuration of the device
produced  contradictory  results, the
symmetic configuration allowed to replicate
some hallmarks of OA, such as chondrocyte
hypertrophy, catabolism, and inflammation in
hyaline cartilageas well ashypertrophy and
proneness to bone formation in calcified
cartilage. However,  further  studies
consideing a larger pool of cell donors are

needed to come to more reliable conclusions.

CONCLUSIONS AND
DEVELOPMENTS

A mechanically active, PDM@sed
microfluidic device was designed, fabricated,
and successfully exploited to generate 3D
multi-tissue oseochondral constructs. The
device guaranteed an adequate diffusion of
nutrients and differentiation factors within
the constructs and was compatible with
mediumtlong term cell culture. Furthermore,
it was able to provide the constructs with
defined comprasive stimuli, resemblinthe
condition of mechanical overloading typical of
the native osteoarthritic jointA repetition of
the performed experiments, considering a
larger pool of cell donors and samples, is

required to confirm the obtained biological

results.

FUTU REdifferent

After a more complete validation, the
newly developed model could be used to test
possible innovative amDA therapies,
targeting different aspects of the pathology
not recapitulated by previous models (e.g.,
the advancement of bone formation in ¢h
deeper cartilage layers).Moreover, the
introduction into the model of additional
tissuesinvolved in OA, such as vasculature,
could provide a deeper understanding of this
pathology. The addition of other cell types,
however, would require the possibyitto use
medium compositions for the
different tissues cultured in the device. This
feature could be achieved by integrating the
microfluidic device developed in the present
work with a perfusion system able to generate
a continuous flow of medm in its lateral
channels, and a stable gradient between the
two hydrogel compartmentsFinally, some
modifications to the device design could be
implemented to achieve a strain field more
representative of the one found in the native

joint, where the twotissues are overlying and

not flanked

Overall, the introduction of these
features in a microfluidic device would
represent a further step towards the

development of a model of joirdn-a-chip,
able to fully recapitulate in vitro the

complexity of OA.
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SOMMARIO
INTRODUZIONE

[ QtBoartrosi (OA) e una patologia
articolare degenerativa, ena delle maggiori
cause globali di dolore, disabilita e costo
socioeconomicd1l], con 15 milioni di nuovi
casi diagnosticati ogni anrjg].

Le terapie attualmente in usodalle
modifiche allo stile di vitaai trattamenti
farmacologici [1], hannoil solo scopo di
mentre non sono

alleviare i sintomi,

disponibili soluzioniin grado di invertire il

matrice extracellulare (ECM), angiogenesi e
ipertrofia [5], [6]. La cartilagine ialina giace

sula cartilagine calcificata, uno strato
tissutalepopolato da condrociti ipertrofici. Un

iGN} GG2 F2yRIYSyGrtS RSt
del fronte di mineralizzaziortea i due tessulti.

Altre alterazioni della cartilagine calcificata
AyOf dzR2y 2 fQlFy3aAz23SySaa
NEIAZ2YA RA 283AFAOFT A2y
e lo strato osseo posto immediatamente sotto

la cartilagine. E suddiviso in osso corticale e
trabS O2 f I NB & [ Qh! 8 I & a

ispessimento dello strato corticale e a una

processo degenerativo [3][ QF NI NB LI fgdibde @dila rigidezza ossea [5], [7]. Infine

rimane f Qdzy A OF 2L A2y S
funzionamentoarticolare nei casi piu severi
[3]. Malgrado mumerosi approcci innovativi
LISNJ Af OGN GGl YSy (2
rigenerativi, gano in fase di studio [4]resta

necessariaina maggiore comprensne della

patogenesi e dei meccanismi di questa
patologia.
[ Qh! AYyGiSNBaal

RSt fQFINIAO2f T A2y Ss
cartilagine calcificata, osso subcondrale e
sinovio [5]. La cartilagine ialina & un tessuto
avascolare e aneafte, popolato da un unico
tipo cellulare: i condrociti. | suoi maggiori

costituenti organici sono il collagene di tipo Il

'—J$ Movih'dh kdbshis d@)ﬁh&ﬂ'\/d\'s%eciaﬁzﬁato

che riveste le articolazionié affetto da

infammazione e ipertrofih ~ O dz@A[8]. RSt f ¢

RSt £ Qhhodelli &iAdA, stal NYstafa Siflgl A OA

sono di vitale importanza per lo sviluppo e la
sperimentazione di nuove potenziali terapie.
modelli in vivo sono i piu accurati nel

ricapitolare il processo patologico naturale,

Bt NRAma dbrioddbtddil & lunbabirhtdetrafdertel 2
2 GdthoeliRo dRdiEi A dphr&dhdft® deit I T A Y

meccanismidegenerativ [9], [10]. Inoltre, la
facile manipolaione dei sistemiin vitro,
insieme al principio di affinamento, riduzione
e sostituzione della sperimentazione animale

rende desiderhile la modellizzazionén vitro

S tQt3IIANBOLY20 5dNI v Sk SR Tuttaviadénbehdandérd gredehli 2

affetto da profonde alterazioni, tra cui

infammazione, degradazione della normale

dei modelliin vitrosoddisfacenti di OA.modelli

tradizionali, basati sulla coltura in mostrato,
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forniscono infatti una descrizione troppo
semplicistica della patologiae i condrociti
tendono ade-differenziae in un ambiente 2D
e privo di ECM [10].Inoltre, sono stati
sviluppati nolti modelli 3D di OA [10].
Sebbene isistemi 3D alla macrscalasiano

accurati nel NRA OF LA G 2f | NB

piu
permettano di introdurre stimoli meccanici,
che hanno un ruolo fondamentale nell
sviluppo dellgpatologia,essirisultano spesso
ingombranti e di difficile utilizzo in campagne
di sviluppo farmaceutico ad alto rendimento
dove la paallelizzazione e fondamentaj1].

[ QF LILIX AOITA2YS RSt f
biologia cellulare, insieme allo sviluppo degli
organi su chip, ha aperto nuove prospettive,
grazie alla possibilita di fornire alle cellule
stimoli biochimici e biomeccanici aceti, e
un microambiente 3D realizzato su misura
[12]. Inoltre, la riduzione di scala permette di
diminuire costi e durat degli esperimenti, e
FlLOAETAGL
rendimento [13]. Uno studio precedente ha
gia dimostrato la fattidita di un modello
microfluidico di OA [4]. Questo studio,
tuttavia, si & focalizzato esclusivamente sulla
OF NI At F3IAYyS ALTAYLF Z
f QAY G SN
ricapitolare piu accuratamente la complessita

della patobgia € necessarion modello multi

tessuto.

f QAYLIX SYSy il 1C

Ly ljdzSaiz O2yiGSadtz2z
presente lavoro e sviluppare un dispositivo
microfluidico per la coltura e la stimolazione
meccanica di due costrutti cellulari 3D a base

RA ARNRIST A I @S ytal Al dzy Q
dispositivo € stato utilizzato per generare dei
cosfru@lih bskocorrali maturi, con un
compartimento di cartilagine ialina (derivata
da condrociti articolari umani, HACs) e un
compartimento di cartilagine calcificata

(derivato da cellule mesenchida MSCs).

Ly2f GNBx § adldal g t dzi
O2&80GNHzGGA RA |t Odzy A G NI
- QI YLALG) N\BOH- £1 deA2R/ASO I R-Af £ | dzy |

sovrafisiologica ciclica.

MATERIALE METODI
A N

ARG A AL
A e

o
@

Fig.1: A)vista esplosa dei tre strati del dispositi
ovvero la camera dioltura (in alto), la membrar
di attuazione (in mezzo) e il pavimento (in basst

vista 3D del dispositivo assembladmostrata un _ _

singola unita funzionale, composta da una can@ @

F NITAO2F | Tpér 2y ddi coltura e una camera di attuazione. Il dispos | s

comprende tre nita funzionali affiancate C
sezione della camera di coltura e della came
Fdddzrk T A2yST 50 @Aradl
compongono la camera di coltura.

Uno schema del dispositivo
microfluidico € mostratan Fig.1. Il dispositivo
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consise in tre strati realizzati in
polidimetilsilossano(PDMS) una camera di
coltura, una membrana di attuazione e un
pavimenta Lacamera di coltura € composta
da due canali centrali, in cui possono essere
iniettati due diversi costrutti cellulari a base di
idrogeli (uno per modellizzarela cartilagine
calcificatauno per quella ialing)e due canali
laterali per ilmezzo di coltural canali centrali
sono separati da quelli laterali da una serie di
micro-colonne sospeseon sezione a.TUro
spazio vuote presente tra la membrana e la
superficie inferiore dellemicro-colonre. La
membrana e il pavimento sono sigillati
insieme a formae una camera di attuazione.
Quando la camera di attuazione viene
pressurizzata, la membrana si piega verso
f QI fihdl @ raggiungere le microolonne,
comprimendo i costrutti cellulari

Sono state sviluppate tre versioni del
dispositivo. Diverse geomettieovvero delle
micro-colonne esagonali e una parete sospesa
continug sono state considerate, in modo da
O2yasSyidAiNB
nei canali centrali, garantendo allo stesso
GSYLR2 dzy QAY G SNFI OOA |
sono stati giluppati e realizzati dispositivi in
grado produrre una stimolazione meccanica
simmetrica, per comprimere entrambi i
costrutti allo stesso modo, o asimmetrica, per
ialina

comprimere la cartilagine

maggiormente rispetto a quella calcificata.

di coltura e

LJS NJ

La camera stata
RAYSYaA2y Il 0l 31 NIy
diffusione di nutrienti e specie chimiche nei
costrutti, e per ottenere il livello desiderato di
compressione sovrafisiologica, posto pari al
30% in accordo con la letteraturadl Per i
canali centré sono state adottate larghezze di
>YT fc@onhieeST T |

onn S pnn

dello spazio vuoto sottostante é stata posta

LI NRA I mMann >Y S no >Y2
LRNIFYR2 fQFftaSTTF G20t
O2f (dzNI | m-potonne 36 stht& Y A C

minimizzare

fFrdSNI S R

disegnate in modo da
fQSalLl yarzys
compressione, ridurre la probabilita di perdite
RdzNI yiS fQAYyASTA2yS RS13
con un modello dicapillary burst valve
modificaa[156 0 S ¥ 2 N}/ A N&to dzy Q1 |
sufficiente tra i costrutti e il mezzo di coltura.

Dei modelli agli elementi finiti sono stati
implementati per valutare il
RST2NXITA2yS It QAY({ISNY:

nelle diverse versioni del dispositivo. Il PDMS

campo di

f QAYAST A2y @ $Rato dRedebito Rebr® UNB rhaterfalR N2 3 S

iperelastico alla Moonefrivlin, mentre per gl

Rdkotyelh @ stdto adotiEko urSmiodellodbifakigb2 £ G |

poroelastico. Tale modello € stato usato sia
per il costrutto di cartilagine ialina, sia per
quello di cartilagine calcificata, cambiando
solo il nodulo elastico: nel primo caso é stato
adottato un valore di 100 kPa, nel secondo

caso un valore di 200 kPa.
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| dispositivi sono stati fabbricati tramite
tecniche di soffitografia. Le caratteristiche
geometriche sono state tradotte in maschere.
Sono stateprodotte due maschere per la
camera di coltura (una per le micomlonne e
una per lo spazio vuoto sottostante) e una per
la membrana di attuazione. Per il pavimento
del dispositivo non e stata necessaria alcuna
maschera, essendo la sua superficie priva d
rilievi

geometrici. La geometria delle

maschere & stata trasferita tramite

fotolitografia su due wafer di silicio, che sono
poi
produzione degli strati del dispositivo. Le

stati utilizzati come stampi per la
camere di coltura e di attuazione sono state
ottenute versando PDMS liquido nei rispettivi
stampi, mentre per realizzare il pavimento il
PDMS é stato versato in una piastra di Petri. Il
polimero é stato lasciato a 65°C per due ore e
mezza su un piano livellato, per consentirne la
reticolazione. Gli sati ottenuti sono stati
sigillati mediante trattamento al plasma.

by

La geometria dei dispositivi € stata

caratterizzata, verifigado f QF OOdzNJ G S

processo di fabbricazione. Sono state

ottenute delle sezioni sottili della camera di
O2f ( dzNJ delld nGldretaloénk & delloR

by

spazio vuoto sottostante € stata misurata e

utiizzata per calcolare il livello di

compressione prodotto dai dispositivi. E stata
effettuata valutazione

inoltre una

sperimentale della pressione di attuazione

necessaria a un corretto funzionamento dei
dispositivi.

| dispositivi microfluidici son@oi stati
utilizzati per generare un modello cellulare di
OA. La validazione biologica é statéicolata
in piu fasi: inizialmente, sono stati ottimizzati i
parametri di coltura necessari allo sviluppo di
costrutti di cartilagine calcificata a partire da
MSCsn monocoltura,S
di OA in tali costrutti; in secondo luogo, etsta
valutata la maturazione di costrutti
osteocondralbicompartimentalj composti da
cartilagine ialina e cartilagine calcificata;
AYTAYSs § adlar
OAIn tali costrutti tramite una compressione
ciclica sovrafisiologica.

Per generare i costrutti osteocondrali,
degli idrogeli a base di glicole polietilenico
(PEG) al 2%, enzimaticamente reticolabili e
degradabili [B], sono stati seminati con MSCs
e HACs e iniettati nei dispositivi. Sono state
effettuate due settimane di condanamento
10 ng/ml di crescita

con fattore di

trdsfbrmaRe&S(TGH) 0 £ 5 SEF YSMi | 42 y ¢

i -Glicerofosfato 10 mM e acido ascorbico 0.1
mM in condizioni statiche. La maturazione dei
tessuti e la deposizione di ECM sono state
analizzate tramite microscopia@ntrasto di

fase e immunofluorescenza. | costrutti sono
stati marcati per i nuclei cellulari,
f QARNRAAAL LI GAGSE
tipo I, ai giorni 0, 7 e 14 della colturaa
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guantitative reverse transcriptiopolymerase
chain reactionRFqPCRE stata utilizzata per
studiare la maturazione dei tessuti a livello
genetica | costrutti sono stati sottoposti a
digestione enzimatica eell sorting prima
della RIgPCRpe separare HACs e condrociti
ipertrofici derivati dalle MSCsPer questa
ragione,i costrutti da analizzare tramite RT
gPCR sono statgenerati con condrociti
modificati per esprimere lgreen fluorescent
protein(GFR.[ QSaLINBS&aaA2y S RA
condrogenesi (ACAN), iperfra (COL10A1),
mineralizazione (ALPL)e ossificazion€¢IBSP)

e stataanalizzata al giorno O e al giorno 14.

Per valutae f QSTFS{G?2
compressione sovrafidimgica sui costrultti,
MSCs e HAGsodificati per esprimere la GFP
sono stati coltivati staticamente per due
settimane nei dispositiymentre dal giorno 14
al giorno 21 e stata applicata la stimolazione

meacanica Al giorno 21,4 cellule sono state

RISULTATI

| modelli agli elementi finiti del
dispositivo hanno fornito unavalutazione
dello stato di deformazione nei costrutti
cellulari durante la compressione, sia nella
configurazione simmetrica del dispositivo, sia
in quella asimmetricaLa Fig.2 mostra una

rappresentazione della deformazione in

NE, NE33

(Avg: 75%)
-2.922e-02
-8.299e-02
-1.068e-01
-1,305e-01
-1.543e-01
-1.781e-01
-2.019e-01
-2.256e-01

direziore verticale nelle due configurazioni.
-2.494e-01

-2.732e-01
-2.970e-01
-3.207e-01 -
-3.4458-01 ® T
z -
Y e

LI
Fig. 2: mappa dello stato di deformazione
direzione vertice nei costrutti nelle
configurazione simmetrica (A) e asimmetrice
del dispositivo La cartilagine calcificata é

destra, quella ialina a sinistra.
Nella configurazione simmetricala

deformazione nominale in direzione verticale

(NE33k ladeformazione laterale (NE14pno

separatesullabasedet £ QS a LINB & & & 2 V5 11 RSl d31. 496G 1 Soe -0.8%:+ 2.0%

e la loro espressione genica € stata analizzata
tramite RFQPCR.| costrutti sottoposti a

stimolazione meccanic@Bo stati confrontat

coni controlli statici.] QI Olj dzA & AT A 2 Ynl%rqugrﬁle GI(’Q\H')

OA in seguito alla compressione
sovrafisiologica €& stata valutata analizzando
gSy A F2a20Al 0A
o0Cw¥%. 0 X
catabolismo (MMP13), allanineralizzazione

Ol'[t[uv S IfftQ2aaATFTAONI]

nella cartilagine ialina e-27.5%t 1.6%e 1.7%

+ 24% nella cartilagine calcificata,

+

rispettivamente  (mediara scarto
Ui configurazione
asimmetricaNE33e NE11 sonaoisultate pari

a30.2%t+ 4.6%e 0.4%= 3.6%nella cartilagine

QR Yikifaleh 24813 0B okt ¥ BdnlgtAlll N2 F 7

£ f QAYTFALFYYI T

c&cﬁié{at%, rispé’%tK/a'ménEeLYalelgformaﬂioﬁe
in direzione lmgitudinale (NE22)e risultata
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Successivaante, & stata valutata d

preliminare su questi argomenti, necessaria
per sviluppare il modello osteocondrale di OA

piu complesso. maturazione di costrutti osteocondrali

Dopo due settimane di coltura statica € picompartimentali Dopo 14 giorni di coltura

stato possibile ottenere dei costrutti maturi di statica, HACs e condrociti ipertrofici derivati
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associati a condrogenesi (ACAN e COL2A1), o6 rispettivi profili geniciLa RTYPCR ha

ipertrofia (COL10A1 e IHH), mineralizzazione ,,strato un@spressione di ACAR4 volte

(ALPL) e ossificazione (IBSP) € aumentata. maqgiore nella cartilagine ialina rispetto a

Inoltre, la marcatura con Calceina ha rivelato quella calcificata al giorno 1. Q SHLINBAARA2 \

la deposizionedi una matrice mineralizzata. COL10A& risultatasignificativamente minore
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maggiore nella cartilagine calcificata rispetto a In seguito, & stato valutat@ S F FSG G2 R
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risultata sgnificativamente maggiore rispetto o MM% o e
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al giorno0 (Fig.3).
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significativita e stata determinattramite test d
Mann-Whitney. * p < 0.05, ** p < 0.01.

Nella cartilagine ialina, la compressione
sovrafisiologica ha indattun aumento di 1.8
RS RStfQSalLINBaaAzyS$S

configurazione simmetrica del dispositivo, e

una riduzione di 6.4 volte in quella

Fig. 4. immunofluorescenza dei costrt
osteocondali al giorno 0O(A) e 14 (B). Le line
GNJF GGS3IIALGS Ay R kafilaght maggiormente espressa nei costrutti stimolati
ialina (a sinistra) e la cartilagine calcificata
destra).La barra rappresenta00>m.

I mantenimento  di  profili di volte nella configurazione simmetrica e

asimmetrica. La CXCL8 & risultata

rispetto ai controlli statici, di 2. volte e 1.2

differenziazione distinti & stato confermatoda | 3 A YYSGNA OIS NRALISGGA DI
Pyl tAar [RSEYIYAD/2aF® dz2 NB & GFRABI & risdftdta minore nei costrutti
rivelato la deposizione di una matrice  stimolati rispetto a quelli non stimolati, di 1.3
mineralizzata nella cartilagine calcificata, ma  yolte e 2.1 volte per le due configurazioni,

non nella cartilagine ialina[ QI 33 NB O ifsBettivBmente. Nellacartilagine calcificata,

stato osservatoin entrambi i Compartimenti, la Compressione ha determinato un aumento
suggerenddo sviluppo di tessuti cartilaginei. RSttt QSaLING & &dh122v6ite iefa . D
Il collagene di tipo Il, altra proteina tipica della  configurazione simmetrica e 1.4 volte in quella

cartilagine, e stato invece osservato solo nella asimmetricd, e una diminuzione

cartilagine calcificatéig.4).
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dellQ S & LINES a & A FrigpSttivagnte Idi[ t [ configurazione asimmetrica & stata utilizzata

2.1 volte e 1.8 olte), rispetto ai controlli
statici Nella configurazione simmetrica e
stata osservata una riduzione di 5.2 volte
RStfQSaLINBaaiAzyS RA
possibile analizzare questo gene nella
configurazione asimmetrica, a causa del poco
materiale g@etico disponibile dopo la

digestione enzimatica edkll sorting(Fig.5).
DISCUSSIONE

Nel presente lavoro e stato sviluppato
un dispositivo microfluigto per la cecoltura e

la stimolazione meccanica di due costrutti

OSt fdzZf F NA 05
Le amlisi computazionali hanno
mostrato la capacita del dispositivo di

produrre una compressione confinata dei

costrutti.  Globalmente, il campo di

deformazione calcolato per la configurazione
simmetrica del dispositivo é risultato in linea
con i requisiti di pogetto, mentre per la

configurazione asimmetrica sono state

riscontrate alcune discrepanze. In particolare,
la deformazione della cartilagine ialina e

risultata disomogenea, e la deformazione

~

della cartilagine calcificata €& risultata

sensibilmente diversala quella desiderata.
Tuttavia, la deformazione prodotta e stata

comunque ritenuta un compromesso

accettabile tra le condizioni ottimali

necessarie per i due tessuti e la

senza ulteriori modifiche.
| dispodiivi sono statipoi utilizzati per
cellulare

generare un modello

C wrigccahicariénie athis e nyliegsutddi GAf | (1 2

in grado di rappresentare due dei tessuti piu
affetti da questa patologia, ovvero cartilagine
ialina e cartilagine calcificata.

Gli esperimenti Iwlogici preliminari
hanno permesso di ottimizzare le condizioni di
coltura per generare costrutti di cartilagine
calcificata da MSCs, servendo da punto di
partenza per il modello osteocondrale piu

O2YLJ Saaz2d Lyz2ftGNBzI fQ

02y dzy QA ycarfphEsiorfe O dabfisidloliddd didida  sui

costrutti ha permesso di replicare alcuni tratti
distintivi della zona della cartilagine calcificata
Ay dzy QF NIAO2Ft T A2y S yI (7
un elevato grado di ipertrofia, una
predisposizione alla vascolarizzazione e lo
sviluppo di regioni di ossificazione [5].

Una volta completati gli esperimenti
preliminari, i dispositivi sono stati sfruttati per
dei

bicompartimentali Dopo due settimane di

generare costrutti  osteocondrali
coltura statica, sono stati ottenuti dei tessuti
cartilaginei con due compartimenti distinti,
uno mineralizzato e uno non mineralizzato.
Infine, i dispositivi hanno permesso di
costrutti

esporre | a pma compressione

sovrafisiologica  ciclica, ricreando la

condizione di sovraccarico meccanico tipica
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R S {Af i kiva Mentre la configurazione Dopo una validazione piu esstiva, il
asimmetrica del dispositivo ha prodotto modello sviluppato potrebbe essere utilizzato
risultati contradditori, quella simmetrica ha per testare nuove possibili terapie ar@A,
permesso di replicare alcuni tratti distintivi mirate ad aspetti della patologia non
RSt fQh! X 0 NJ O dzA A LJS icEpNabatf Adki = modeltizYpgegedenti @ f
catabolismo e inflammazione nella cartilagine esempio la formazione di regionidi
ialina, nonché predisposizione alla ossificazione negli strati piu profondi della
vascolarizzazione e sviluppo di regioni di cartilagine).[ QAY G NRBRdzl A2y S vy St
ossificazione nella cartilagine calcificata.  ulterioritessutiO2 A y @2 f G A yi&d f Qh !
Ulteriori studi con un numero piu elevato di vascolare, consentirebbe una maggiore
donatori cellulari sono necessari per giungere comprensione della patologid. QF 33 A dzy G |
a conclusioni piu affidabili. nuovi tipi cellulari, tuttavia, renderebbe
CONCLUSIONI E SVILUPPI FUTUR]ee®d @dz 2 RA VST TA RA O
i diversi tessuti consideratiCio potrebbe

Un dispositivo microfluidico  essere reso possibile integrando il dispositivo
meccanicamenteattivo in PDMS e sta sviluppato el presente lavoro con un sistema
disegnato, fabbricato e impiegato con  dj perfusione in grado di generare un flusso

successo per generare costrutti osteocondrali  continuo dimezzo di coltura nei canali laterali

3D multitessuto, consistenti in idrogeli abase  del dispositivo, e un gradiente biochimico

di PEG seminati con HACs MSCs Il stabile tra i due compartimentilnfine, si
RA&LIRZEAAGA D2 Kt 31 NI YdirdobePo appdmhaR ! Rie Inakifithe al
diffusione di nutrienti e fattori di design del épositivo, per ottenere un campo

differenziazione nei tessuti ed é risultato di deformazione p“] simile a quello presente
compatibile con la coltura cellulare di medio nSt f QF NI AO2 intcldi Adug/tBssuy | G A €

lungo termine.Inoltre, ha permesso di fornire sono sovrapposti e non affiancati

ai costrutti d@'l stimoli meccanic deflnltl, G|0ba|mente, la realizzazione di un

ricreando la condizione di sovraccarico dispositivo  microfluidico  con queste

meccanicotipica delle articolazioni native caratteristiche rappresenterebbe un passo

affette da OA. Una ripetizione dedgli ulteriore verso lo sviluppo di un modello di
esperimenti svolti, considerando un numero  articolazione su chip, in grado di ricapitolare
maggiore ddonatori cellularisaranecessaria pienamentein vitrof I 02 YLJ Saairidt

per confermare i risultati biolgici ottenuti.
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1 INTRODUCTION

1.1 Osteoarthritis

Osteoarthritis (OAjs a degenerativgoint disease and a major source of pain, disability and
socioeconomic cost worldwidéd]. OAaffectsall joints, but preferentially hands and weighiearing
articulations such as kneg hips, and spine[2]. The main symptoms are pain and stiffness,
accompaniedn many casedy a reduced mage of motion orby a completearticulation loss of
function[3].

OAis the mostcommon musculoskeletal disorder in the warld 2017 more than 303 million
peoplewere estimated to suffer fronit [4]. Different studies reporvariousvalues of its incidence
and prevalence, depending on the definition of the pathology, the joint underystuad the
considered populatiorf-or instance,iie Zoetermeer studfb], performed in 1989 on a pool of 6568
subjects, reported that 11.2% of men and 16.1% of women agesisufferedfrom knee OA. The
prevalence increasedespectivelyto 24.7% and 40.2% for men and womeredg/G74. More
recently, he European Project on Osteoarthrignalysed the burden of OAmongEuropean
countries[6]. The study found out that 31.7% of subjects aged over 65 showed clinical evidence of
OA at least at one site of the body, and 20.2% were affected by knee OA. These data are likely to
increase in the next futurggiventhe constant increasin life expectancy

The high values of incidence and prevalence of OA come with serious consegjfrencehe
economical point of viewOArelated costsamount to1 ¢ 2.5% of the gross domestic product of
developed countrie$7], considering both idect (i.e., medical expensegnd indirect costs(e.g.,
lostearnings and jolselated costs such as loss of productivity due to disahilityfact, OA accounts
for 2.4% of all years lived with disability (YLD) worldwide,itisdassociated with early retirement
and forced unemploymerg].

Disability and reduced phical activity associated with OA can also increase the risk of
comorbidities: aecent systematic reviey8] foundthat people living with OA hadeoverallpooled
prevalence for cardiovascular diseage38.4% compared tdhat of 9%o0f non-OA controls. Subgts
with OAwere almost thregimesmore likely to have heart failurand twotimesmore likely to have
ischemic heart diseasas comparedto matched nomOA cohorts As a consequence, OA is also
indirectly associated with increased premature mortality, stip due to cardiovascular

comorbidities. For these reasonsy 2016 the Osteoarthritis Research Society International
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submitted a White Paper to the FDA, describing OA as a serious deese majorworldwide
challenge for health systems in t24st certury [4].

Based on its aetiology, OA can be classified as primary (idiopathic) or seci@jdaagondary
OAhas no specific joints of occurrence, and it is caused by specific disordersoahible divided
into four categories metabolic (e.g, haemochromatosis)anatomic(e.g, epiphyseal dysplasia,
slipped femoral epiphysis, legnigth inequality) traumatic (e.g, fracture through a joint, joint
surgery)and inflammatory(e.g, septic arthritis) Primary OA, on the other hand, mostly affects
hands, kneesand hips and hasno specificevidenced auses althoughsome factorshave ben
proven toplay a substantial role iits development[9]. An enumeration of the factors correlated
with primary OA is presented below.

Among the systemic risk factors, the most widely recognized is[Hg§LO]. The causal
connectionbetween age and O@evelopmentis probably mediated by agelated biomechanical
risk factors such as excessive joint loading due ibapaired neuromuscular joint protective
mechanismsand increased joint instabilitfe.g, ligamentous laity) [11]. The resilience and the
reparative capacity of cartilage may also decrease with age, making jointsyumloerable to the
effects of biomechanical insulf8]. Another systemic riskactor is genderMost studies show that
the occurrence of knee, hip, hand and generalized, @#ecting multiple joints) OA is higher in
women than in men, in particular after the age of Bstmenopausalex hormonesalterations,
and specificallyoestrogen deficiencymay play a role in the systemic predisposition to G#me
studiesfound a loweroccurrenceof OA inpostmenopausal women using oestrog€t?], [13]
However, the protective effect ahis hormoneis still controversialAnotherwell-establishedrisk
factor for OA is obesityAn excessive Body Mass Index (BMI) determines the overloading of weight
bearing jointssuch as knee and hipausing breakdown of cartilage and damage to ligaments and
other support structuresThis in turn, canincrea® the risk of subsequentOA developmentor
worsen the progression of prexisting OA14], [15] Obese BMI>30)and overweight (BMI = 25.5
¢ 30) subjectavere shown to be 9.3 and 3tBnesmore likely to develop knee OA as compared to
normal weight subjects, respective[{4]. Hip OAwas also positively associatedith obesity,
although less strongly than knee C8ome studies even found a higher riskhahd OAIn obese
subjects [14], [16] suggesting that adiposiielated metabolic factors (such asirculating
adipocytokines chronic inflammation and high levels of blood glucose) may alsocaplale in the
development of the pathologyOther risk factorscomrelated with OA include high bone mineral

density, gene mutations and poor nutritigf].
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1.1.1 Tissue alterations

Until the 1980s, OA was considered as a mere result of wear and tear of the articular surfaces
[17]. Nowadays, howevett,is widely acknowledged @ascomplex condition affectingarious tissues
of the joint, namely hyaline cartilage, calcified cartilage, subchondral bone, and synovium:

1 Hyaline cartilagein normal articular cartilage there is a delicate balance between matrix
synthesis and degradationn OA, this balance is stlirbed, with both degradation and
synthesis enhancedAn enhanced inflammatory microenvironmentharacterized by
cytokinessuch & interleukinl (L-1), tumour necrosis factor alpha \Fh), 11-:17, and IEL8,
causes, in turn, anncreasein the synthesis ofcatabolic enzymes such aw®atrix
metalloproteinases (MMPs)a decreasein MMP enzyme inhibitorsand a diminished
extracellularmatrix (ECM) synthes|48]. The gtokine-induced proteolytic enzyme release
is mediated by nitric oxidéNO) prostaglandin EZPGR) and reactive oxygen specifk9].

On the other hand,he anabolic cytokines insutlike growth factorl (IGF1), transforming
growth factosbeta €.9., TGH MIEBFi 2, andTGFI 3), fibroblast growth factas(e.g.,FGF

2, FGH4, and FGF8), and bone morphogenetic proteinsBMP$ act to stimulate ECM
production[18]. Overall, a net loss of proteoglycans (PG) and collagen type Il ocalts in
stages of OAPG degradation is mediated by aggrecanases of the ADAMTS (A Disintegrin and
Metalloproteinase with Thrombospondin motifs) family, while the collagen network can be
disrupted either by physical forces or by the increased activity of Ml2B}sA study onOA
patients undergoing total knee replacemefdgund an increased expression tife non-
chondrogenic genes COL1fhcoding for Collagen type | alpha 1 cha®®MRencoding

for CartilageOligomeric Matrix Protein) and FN1(encoding for Bironectin) in damaged
cartilage, and a@ownregulationof the chondrogenic genes SO¥RYBox Transcription Factor

9), SOX6(SRYBox Transcription Facto6), COL11A2Collagen type Xl alpha 2 chain)
COL9A1/2/3(Collagen type IX alpha 1, 2 and 3 chaim€)AN (Aggrecan)and HAPLN1
(Hyaluronan And Proteoglycan Link Prote)fi2ll]. The synthesis of neohondrogenic prteins,
together with the enhanced catabolic activity, determines deep changes in the compasition
osteoarthritic cartilage matrix.

Another feature of OA is chondrocyte hypertropf80]. Hypertrophic chondrocytes are
terminally diffeentiated cartilage cells characterised g increase in cell volumand by

the expression of collagen type X amdscular endothelial growth factofvVEGF). They

normally populate the zone of calcified cartilage (ZCC), at the interface between hyaline
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cartilage and bone. However, during Oghondrocytes in the articular cartilageay also
assune an hypertrophic phenotypE0].

Non-calcifiedhyalinearticular cartilage in healthy adults is normally avascular and aneural.
Normal chondrocytes express antiangiogenic factors such as chondromdd@#j and
thrombospondinl [23]. Furthermore, proteoglycans and glycosaminoglycans (G&G
presentin cartilage matrix form a barrier against vascular invasidnis barrier may be
reduced inOA due to changes in matrix composition such as l0§$GAG and P@4].
Meanwhile, hyertrophic chondrocytes releaséEGFwhich facilitates angiogeneg0]. As

a consequence,steoarthritic cartilage losgts ability to remain avascular, and blood vessels
invade it from the underlying CC Furthermore, ascularisation is accompanied by the
growth of sensory and sympathetic nerves, resulting potential source of paifor subjects
affected by OAThe peivascular localisation of nerves implies that angiogenesis drives or
guides the innervation of hyaline cartilage. Indeed, nerve growth factor (NGF) expression
has been found iblood vesselsvading cartilag¢25].

From a histological point of vieA is associatedith a number otissue alterationswhich
involve increasingly deeper layers of articular cartilage as the pathology becomes m
severe[17]. Healthy hyaline cartilage shows a smooth articular surfeae1.1.1 A). In early

OA, the articular surface may present mild abrasion, called fibrillation, characterized by
microscopic crack$ig.1.1.1B). In late OA, these cracks extend into the mid zone of articular
cartilage, forming vertical fissuréBig.1.1.1 C) Finally, @laminaion ofthe superficial layer

andextensive erosion in fissured domaicesn be observed in advanced (¢Ag.1.1.1 D).
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Fig.1.1.1: Safranin O staining of cartilageamplesat various stages of Q
original magnificatiorbx [17].A) healthy hyaline cartilage (grade 0); B) g
1 OA catrtilage; C) grade 3 OA cartilage; D) grade 4a@ifage.

7 Calcified cartilagehe ZCC is separated from the overlying hyaline cartilage by toalkeu
tidemark a dark line appearing in Safranin O stainings and resulting from the accumulation
of large molecules produced by apoptotic chondrocyfg]. One of the hallmarks of OA is
the duplication of the tidemark(Fig. 1.1.2), with the subsequent advancement of the
calcified cartilage into the articular cartilaf0], thinning of thehyalinecartilagelayer, and
impaired mechanical load distributiomhis process igitiated by the penetration of the
calcified cartilage by vascular elemeirtsorrespondencef microcracks and fissures the
interface with the subchondral bonRegions of new bone formation ddee in cuffs around

the newly formed vessels. Cells in the osteoarthritic ZCC undéugesn the expression
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of genes responsible for maintaining cartilage/bone differentiationin particular,
transcription factors essential for cartilage formation, lsues SOX3vere reported tobe
downregulated while transforming growth factoalpha(TGF" Owhich inhibits the anabolic

capacity of chondrocytesyasreported tobe upregulated27].

Fig.1.1.2: interface between noialcified cartilage (NCC) and calcified carti
(CC) in an osteoarthritic joint. The arrows indicate the multigésmarks [28].

1 Subchondral bonesubchondral sclerosis, i,ean abnormal increase in the volumetric
density of subchondral bone, ®mmonly consideredsan indisputable sign of OR8].
However, this ineased density does not result in higher mechanical propertibs:
depositedmatrix is hypomineralizeddetermining areduced bone stiffnesf28]. Another
hallmark of OA ishe formation of bony outgrowths, known as osteophytes, at the joint
margins[20]. Osteophyte growth involves a program of endochondral bone formation that
is initiated by the proliferation of periosteal cells at the joint margin, followsdthe
infiltration and differentiation of hypertrophic chondrocytesHowever, some studies
suggest that osteophytesiight serve to stabilize the jointather than contribute to joint
dysfunction and OA progressi¢29]. Additional OArelated changes include an increased
cortical plate thickness, the formation of bone cysts, and the development of bone marrow
oedemalike lesions, strongly correlatedith joint pain[20].

1 Synoviumthe synovium is a specialized connective tissuadidiarthrodial joints[30]. In
OA the synovium undergoes hyperplasia, duning fibrosis,and stromal vascularization
[30], [31] Synovial inflammation is another hallmark of this pathologyndsial tissue from
OApatientsis characterized bgn increased infiltration of mononuclear cells (T lymphocytes
and macrophagds and an increasedoroduction of proinflammatory cytokines and

mediators of joint damagesuch asTNFh and Il [31]. Moreover, he rumber of cells
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producingTNF" and Il:1i wasfound to besignificantly greater in early QAs compared to

late QA[31].
1.1.2 Conventional therapy

There are three main therapeutic approachegilable for the treatment of osteoarthritis
lifestyle modification pharmacologicatreatment, and surgicaintervention [1]. However, all of
them are finalized to alleviate symptoms (namely joint pain and stiffness) anchpgmwe the
LJ- G A dqugfity &f ife while there are no currently available effective diseasadifying therapies able
to reverse the degenerative procel.

Lifestyle changes include physical exercise, weight loss for obese subjects, and measures to reduce
the mechanical load borne by damaged joiRRadiographic structural modificatisrdue to weight loss
have not been shownput benefits are evidentn termsof changes irbiochemical markerand pain
perception. Physical activity, and in particular exercigesising onincreasedmuscle strength and
aerobic capacityimproves OAsymptomsand confes benefits in cardiovascular healtbontributing to
an overalmortality reduction[1].

Pharmacological treatments range from paracetamol, nonsteroidal-iafi@mmatory drugs
(NSAIDs)and corticosteroidsto weak opioids such as tramad@2]. These drugs are prescribed for
symptom alleviation, but do not show any diseasedifying effecs. Paracetamol provides only minimal
improvements in pain and functiobut does notincreasethe risk of adverse eventdNSAIDs are
effective in the treatment of pain and inflammation, but are associated with gastric, ,remal
cardiovasalar adverse events. Intraarticular and intramuscular injections of corticosteroids are
frequently prescribed to reduce joint pain and inflammation, but they are also associated with a wide
range of side effects. Moreover, repeated intraarticular injecti@an determine cartilage loss and an
overall worsening of OA. Finally, opioidse effective analgesicdut they may induceconstipation,
respiratory depressiorgrugtolerance and dependencandtheir use igherefore limited. Huge efforts
are currenty being madein the development of newanti-OA drugs able to stop or reverse the
degenerative procesd he therapies under study include opioid receptor agonists; @i+ antibodies,
anti-catabolic drugs and treatments targeting inflammatory mediators jpaithways[32]. However, no
pharmacological treatmenwasso farable to halt or reverse OA lorigrm progression.

Surgical treatment can be an effective optimnprevent or reduce the progressiari hip or knee
OA. Some malformations, producing an impaired mechanical load distribution and favouring the
development and the progression of OA, can be corrected by sligierventions.In particular the

progression ofOAsecondary to hip dysplas@an bedelayed bya reorientation of the acetabulum.
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Arthroscopic higurgery to recontour the proximal femur and prevent femoroacetabular impingement
has also shown symptomdic benefis. As for the knee,emporary surgical distractignaimed at
unloading the jointhas been proven tproduce symptomatic and structural improvemsint endstage
OA.Periarticularosteotomies to correct the mechanical axis of the kaee also pomising.However,
evidence for theeffectiveness of these interventionsssll limited, and further investigatios with long

term follow-up are needed1]. In case of endtage OA, total joinreplacement is also a valid option.
However, it is associatedith adverseeventssuch as infection, stiffness, loss of function as a result of
scar tissue, and increased pagterative mortality in patients with comorbiditiefgl]. Furthermore,
prostheses haw a limited life span, and younger patients undergoing joint replacement are likely to

require revision surger2].
1.1.3 Regenerative approaches

Regenerativemedicine is the branch of medicine that develops methods=grow, repair or
replacee damagedissuesand organ$33]. Regenerative approachésereforerepresent goromising
solutionfor the future treatment of OA possibly stopping the degenerative process or introducing
viable substitutes for the damaged tissues

Manyattempts to developegenerative approaches for the treatment of @éve beerbased
on mesenchymal stem cells (MSCs), which display chondroprotectiveinfiamnmatory and
immunomodulatory effects. AutologoudSCs can be directly injected into the osteoarthritic joint
through a minimally invasive procedui®2]; alternatively, MS€secretome can be injected into the
osteoathritic joint or loaded into a surgically implantable scaff¢dd]. However, the efficacy of
these strategesis still unclear, and different studies report heterogeneous redals

Currently,there is doubt among surgeons and researchers about whether oM®Csare
really the optimal toofor the treatment of OA. Primaryhondrocytes could represent an attractive
alternative cell source for the repair of OA cartilage defedtke implantation ofarticular
chondrocyteds an established approach, often adopted for the regeneration of traumatic lesions.
Chondrocytes can be directly injected into the damaged sheo(gh autologous chondrocyte
implantation, ACI), or loaded onto a collagen membrand aurgically implanteda( procedure
called matrix-induced autologous chondrocyte implantation, MAJ85]. However, these
proceduregesult in unpredictabl@and donordependentoutcomeswhen applied for the treatment
of degenerative diseases such as, Pobably due to the poor quality of the isolated c¢86]. The
availability of intact articular cartilage in patients with OA is often very limited, and even

chondrocytes harvested from intact articular cartilage have an inferior quality as compared to the
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ones isolated from healthy donof21]. Moreover,the harvesting of biogies from articular cartilage
would producean additional injuryn the already damaged joint site

An alternative solution, preventing joint damage and allowing to obtain healthy cells, could
be the isolation of lbondrocytes from heterotopicompartments Nasal chondrocytes (NC#H),
particular, are very appealing, since thegn be harvesteaith minimaldonor site morbidity[37].
Moreover,NCshave shown aenhanced proliferation capacignda higher and more reproducible
chondrogenic capacity aften vitro expansion as compared to articular chondrocytE$], [37] A
recent study showed thafgrafts generated with autologous NOwere able tomaintain a
cartilaginous matrix after prolonged exposure to inflammatory cytokineducethe production of
inflammatory and catabolic molecules bysteoarthritic cells, and preserve the cartilaginous
features in ann vivoOA environmen{36]. However, further investigations are needed to validate
this approach: in particulathe capacity of NGderived grafts to bear the mechanical solicitations
of an osteoarthritic joint should be assessed.

All thesesolutions although promising,equire a deeper understanding of the pathogenesis
and the underlying mechanisne$ OA A modelable to recapitulate the complexity of this pathology
would therefore be very helpful for the development and the testing of n@warmacological or

regenerative therapies.
1.2 Joint mechanical environment

The mechanical environment of the joint, i.e., theusture of the osteochondral unit, its
mechanical properties, and the deformations it is subjected to, are fundamental asimebts
understood and replicated ithe development of groper OAmodel. A brief description of these

aspects is proposed in th@resent chapter.
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1.2.1 Structure and properties of the osteochondral unit

superficial
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transitional
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deep
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Fig.1.2.1: A)schematization of the structure of the esthondralinit [38];B) haematoxylin and eo:
staining of hyaline cartilage, calcified -cartilage, and subchondral bone. Adapted
https://www.orthobullets.com/basiescience/9017/articulacartilage

The osteochonl unit is a complex structure including distinct functional elements, namely
articular (hyaline) cartilage, calcified cartilagad subchondral bond-{g.1.2.1).

Hyalinecartilage is an avascular and aneural tissuigh a high water content (>70%nd a
low cellular densityChondrocytes are thenly cell typepresentin this tissueand account for only
1¢2% ofits total volume The majororganic componentsf hyaline cartilage areollagen type |l
which provides tensile strengtland aggrecanwhich retains water within the tissue and provides
compressive resilienc0]. Based on cell morphology and collagen network organization, hyaline
cartilage can be divided into three zondke superficial zonewhere collagerfibrils are arranged
predominantlywith a directionparallel to the articular surfagend chondrocytes display a flattened
morphology; the transitional zone, where chondrocytes ampsphericaland collagen fibrils have
a random orientationandthe deep zone, where collagen fibrils are arranged perpendicular to the
articular surface, and chondrocytes are aligned in colufi®®. The mechanical properties of
cartilage are highly dependent ohe organization of the collagen fibrilwith the Young modulus
along the direction perpendicular to the articular surface varying from 0.25 MPa in the superficial
zone to 0.5 MPa in the deep zo[89].

Hyaline cartilageids on calcified cartilagea thin tissue layepopulated by hypertrophic
chondrocytes expressing collagen type [40]. Calcified cartilage transfers and distributes

mechanical forces from hyaline cartilage to subchondral bone, attenuating the force gradient across
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the joint [20], [40] It has a Young modulu$ approximately 0.32 GH41], intermediatebetween
thoseof hyaline cartilage and subchondral bone. Calcified andaaicified catilage are separated

by a histologically defined tidemark, resulting from the accumulation of large stainable molecules
produced by apoptotic chondrocytésee sectiori.1.1). Undulations in the tidemark hetpansform

shear stresses into compressiaad tensilestresses during joint loadingnd motion, contributing

to force distribution[20].

Subchondral bonavhich isseparated from calcified cardije by the cement lindaas a Young
modulus of approximately 2.3 GH4l]. It can bedivided into two distinct anatomic entities:
subchondralcorticalplate and subchondral trabecular bof#8]. The cortical plate is a thin lamella,
lying immediately beneath calcified cartilage. It is invaded high number of arterial and venous
vessels, as well as nerva@$ie sibchondral trabecular bone is more porous and metabolically active
than the bone pate. It is a dynamic structure, able to adjusabecular orientation and scale

parametersin adaptation to the mechanical forces imposed across the joint.
1.2.2 Joint deformatiors

Knowledge of thén vivodeformational behaviour objintsis essential for th@nplementation
of a loadbased OA model. Joints can be subjected to a wide range of strains, depending on their
location within the body and on the performed physical activity. Througigmetic resonance
imaging(MRI)and 3D digital image analysigckste et al.[42] measured then vivodeformation
of patellar cartilage after different activities. The strain wag8% after walking5.0% after running,
and approached-5.9% after knee bends. However, due to the deplkpendent mechanical
properties of cartilage, strain was not homogeneous in the whole tissue. Z#teaig43] showed
that an average deformation 85% applied to articular cartilagexplants produced a local strain of
approximately-35% in the superficial zoné€g% in the transitional zone ard% in the deep zone.

Chanet al. [44] introduced a norinvasive technique allowing thie vivo measurement of
intra-tissue cartilage strain. The study considered nine voluntedth no medical historyof
cartilage or knee problemsMRI acquisitions were ysichronized with physiologically relevant
compressive loadingequal to half the body weight of each subjeet)d used to visualize and
measurethe regional displacement and strain of tibiofemoral articular cartilgig.1.22). The
maximum compressive strain was found to 7% and-7.6% in femoral and tibial cartilage,

respectively, while shear strain reached 8.5% and 7.8%, respectively.
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Fig.1.2.2: top: setup of the gperiment performed by Chaat al.[44]; bottom: contour plot ¢
the principal strains within tibiofemoral cartilage.

1.2.3 Cartilageloading regime

Articular cartilage has a strain ratlependent stiffnessas a consequence dahe flow of
interstitial fluid occurring upon loadingnd theviscoelasticityof the collagen fibril network45]: if
a compressive strain is applied at a low rate, the loadnastly borne directly by the solid
constituents with little contribution from the fluid in contrast, in case daster compression, the
extra load is predominantligorne by thefluid, preventing cartilage from damage. However, if the
compression is prolonged, the interstitial fluid flows out of the solid skeleton,itarscthe fibril
networkto be progressively loaded.

Another phenomenon related to interstitial fluidofv is ratchetingunder cyclic compression,
if the recovery time for cartilage rehydration is not allowed, a continuous strain accumulation can be
produced[46]. This strain accumulation could produce irretrievable plastic deformations. To avoid this,
periods of mechanical stimulatioshould be alternated with resting periods. This should be considered
when realizing a loablasedin vitromodel of OA, since the loading regime should replicate as closely as
possible the one of native articular cartilage. Mechanical stimuli should finerde regulated both in

frequency and in the balance between stimulation and resting periods.
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1.3 OA models

Differentmodels have been used to study the underlying mechanisms of osteoarthritis and to
test new potential therapies. Models can be broadly classifieid as/oandin vitro.

In vivomodels are widely used, as they provide thest accurate reflection of the naturally
occurring wholgoint diseasd19]. In these models, OA can be spontaneous, surgically induced or
chemically induce@47]. In particular, aterior cruciate ligament transecticeind meniscectomy are
commonly used methods to surgically induce degenerative joint lesions, which resemble those
observed in postraumatic OA At least eighteen differenanimalspecies havdeenusedto study
established pathological features of O®mall animalsuch as mice, rats, rabbjtsnd guinea pigs
are relatively cheap, readily available acah be handled and housed with eas¢éowe\er, tissue
samples extracted from these animaknd to differ to a great extent in their anatomical and
histological structure when compared to humanes. Larger animalssuch as horses, pigsheep
and dogsare more anatomically similar to humans and havers life spanallowing for slower
disease progressin These advantages, however, come with higher costs, longer experimental time
and greater ethical concerns. For these reasohprasent, there i10 gold standard animal model
used in OAesearch47].

Despite the fat that a higher affinity tothe clinical manifestations of OA candeed be
reached throughn vivoexperimentation, he complexity ofn vivomodels, as well as shift towards
the 3R grinciple of refining, reducing and replacing the use of animalscience[48], makesin vitro
modelling ofthe disease desirabld9]. Moreover,drug discovery campaigmsquire highthroughput
experimentation and a high degree of parallelization, which are morgyesshievableisingin vitro

models.The two most commoly usedn vitromodels of OAare cytokinebased and loadhased models
1.3.1 Cytokinebased models

During OA, synoviocytes, mononuclear cells or chondrocytesmaesase their expression of
catabolic proteins followinghe exposureto cytokines or chemokine, including Itm | ' Yy R ¢bC
which are present in the joint following synovial inflammat[@8]. Preinflammatory cytokinesire
thereforeideal candidates for the induction of @ike biological changes in articular cells or tissues
in aulture. Models of OA where cytokines are the primary method of induction are very common
due to theirlow costand ease of manipulationCytokines added to culture medium have been
shown to produce OAike responses in chondrocytes in monolayer, such a@eaease in the

expression of collagen typk and aggrecarj49] and an increase in the expression dMP13
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collagen type X, VEGF aRdintrelated transcription factor ZRUNX2]50]. However, culturing
chondrocytes in monolayer is problematic, due to th@imnenesgo dedifferentiate into fibroblasts
after a small number of passag§sl], and to the absence of the norm&CM which removes
possible relevant matrix effect® more accurate model of OA should therefore consider a 3D
environment, which could be provided by explants or by tissue engineered constructs. Beekhuizer
et al. [52] assessed the effect of OA synovium on human cartilage explants. Coculture of the two
tissues, as compared to mondtures, resulted in a reduced GAG content and in the production of
cytokine subsetmore similar to theones detectedn OA synovial fluith viva Francioliet al. [53]
assessed the effect ofl-m i on pellets obtained fromhuman articular chondrocyte$HACS).
Exposure tdL-m iinduceda decreasedsAGcontentand an increased release of MMP1, MMP13,
IL-8, monocyte chemoattractant proteii (MCR1) andTGF 1. Maturation of engineeredcartilage
was shown to egulatethe response to cytokine stimulationsacomparedio immature pellets,
mature pellets responded tth-m iby releasing lower amounts of MMP1 and MMP48d increased
amountsof I.-:8, MCPL1, andTGH 1. Sunet al. proposed another 3D model of JB4]. Rimary
chondrocytesvere culturedin silk protein porous scaffolds up to 21 days in static culture, with and
without cytokine (Ikm iand TNF ) exposure or with the use of macrophage conditioned medium
Cytokines suppressed aggrecan and upregulddtP13 while macrophage conditioned medium
suppressed collagen type I, upregulad®@AMTS%nd induced cell hypertrophy and apoptosis.
Subchowlral bone plays an important role in §20], [28] and an accurate OA model should
account for it However,in vitro models considering theesponse of bone to cytokine stimulation
are scarcePecchiet al. [55] showed that the exposure of osteoblasts tellL resulted h an
increased release of PGE2, MMP3 and MMPQSteoblasts stimulated with IL-m h actively
synthesised NO in a doskependent fashionwhile TNFh failed to elicit a responsfb6]. Linet al.
[57] engineered an MS@terived osteochondral construct with a bone and a cartilage
compartment, and exposed fib IL-m i Treatment of thebone compartmentwith IL-m iresulted in
an increasedexpressionof MMP1, MMP3 and MMP13 in the chondral layerThis response was
more pronouncedthan that seen with Hwm i F LILX AOF A2y (G2 GKS, OK2Yy
suggestig an active biochemical communication between the two tissues.
Overall,anyway no consensus on the most appropriate model for the representation of OA
has been reachednda clear understanding of all the piiaflammatory cytokines involved in the

pathology isstill lacking
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1.3.2 Loadbased models

Since OA is associated with several biomechanical risk factors (see detiti@m accuratén
vitro model of this pathology should account not only for biochemical stimuli, but also for
mechanical loading. For this reason, various {baded models of OA have been developed, both
strain-controlled and stressontrolled. Cartilageis amechanosensitive tissue, anglexposed to a
wide range of mechanical stimuh viva Chondrocytessense the loading of their environment
through a variety of mechanotransduction mechanisms, includimtggrin recepors [58], Piezo
receptors[59], ion channels such asansient receptor potential vanilloid @ RPV4[60], and the
primary cilium a uniqguenon-motile organelle located on the chondrocyte surfgé&]. Amoderate
mechanical loading necessary to maintain ECM homeostdsis excessive forcegimulate stress
induced intracellular pathways, leading to the production of-prilammatory cytokines such as IL
1 and TNF [58]. Subchondral bone is also sensitive to loaaryingits thickness modulatingits
matrixresorptionrate andchangingts trabecular orientation in adaptation to the mechanical forces
it is subjected td28], [62]

The use of tissue explanitsthe simplest methodo assesshe effects of loadas it does not
alter normal celmatrix interactions[19]. Fitzgeraldet al. [63] applied 25% and 50% static
compression to bovine cartilage explants for periods between 1 and 24 houisol#4 of 50%
compression produced a decrease in the expression of aggrecan and collagen type I, and an
upregulation of MMP3, 9 and 1%uch a high straiaxaggerates the maximal normal physiological
load experienced by a joinh vivg although this reficts the requiremenbf indudang an effect
within a shorter time framg19].

The response of cells to load cafsobe assessedy isolating cells, embedding them in an
artificial scaffoldand compressing them using a bioreadtb®]. As compared to the use of explants,
this approach has the advantage of a higher reproducibility and a higher control over loading
parameters. On the other handemovingcells from their native matrix and embedding them into
an artificial scaffold alters the native signalling network, and the force used in the expesiment
dependent on thanechanical properties of thecaffolditself[19]. The choice of a suitable scaffold
isthereforecrucial.In a work by De Croed al., goplication of uniaxialgyclic compression (1 kPa, 1
Hz, 30 min)on chondrocyteladen calcium polyphosphate substratsgnificantly increasethe
expression of MP3and MMP13, resulting in ECM degradati¢®4]. However, this catabolic effect
was followed by a significant increase in collagen type Il and aggrecan expression at 12 h post

stimulation Younget al. [65] assessed the effect of static and dynamic loading on chondrecyte
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ladenchitosan/gelatire/i -glycerophosphaténydrogels. A static load exceeding 40 psi determimed
decrease in the GAG contear upreguation of MMP13and 11-6 expression an@downregulation
of aggrecan and collagen type Il encoding genes within Bdthe cyclic group, a moderate (30
psi) loading resulted in enhanced ECM synthesis, while higher compression lev&R0(68i)
induced production ofreactive oxygerspeciesand ECM degradation

As for bondoading modelsVazquezt al. [66] assessed the effect of cyclic compression
collagengels seeded with osteocyte cell lines arldyered with osteoblasts on their surface
Gonstructsshowed arincrea®d collagen type | expressiarpon loading and osteocytsexpressed
PGE?2 after mechanical stimulation

Coculture models have also been used to assess the effect of loadiddfenent articular
tissues, studwyg their interactions. This is a fundamental aspect to be considered when realizing a
model of OA, sincehis pathologyaffects multiple tissues of thenative joint. Chondrocytes
cocultured with osteoblasts showed a phenotypic shiftvémds hypertrophy, characterized by
decreased expression of collagen type Il, aggremath SOX9 and an increased expression of
collagen type X67]. These changes were monearkedin chondrocytes cocultured with excessively
mechanically stressed osteoblasidoreover, gplication of excessive tensile stress on osteoblasts
resulted in an increasedexpression of MMP1MMP3 and MMP13 in chondrocytes,while
proteoglycan and collagen were significantly decreased

Overall,all modelsused in OA researdeek to answer specific biological questiobgt none
of themallowsthe whole disease process to be studiédd a matter of fact, the absence of effective
diseasemodifying therapies is partly due to tHack ofin vitro models able to recapitulate the
complexity ofOAand to provide insight into its pathogeneg$ik9], [47] More advanced models
therefore needto be developedto better reflect the naturain vivodiseaseA sufficiently accurate
model of OA should comply witht leastthree requirements, namely 8D environment, the

involvementof multiple tissues, and thpresence of both biochemical and biomechanical stimuli.
1.4 Microfluidics

Microfluidicsis the science and technology of systems tpabcess or manipulate small
amounts of fluidsusing channels ith dimensions of tens to hundreds of micrometris]. This
technology iswidely spreading in the fields of chemistry, biology and medicthanks to agreat

number of advantagesncluding decreased cost in manufacture, reduced consumption of reagents
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and analytes, decreased time of analysnereasedportability and unprecedented control over
microenvironmental conditionf69], [70]

One of the main features of microfluidic devices is an extremely low Reynolds number. This
dimensionlesparameter isdefined as the ratio between inertial forces and viscous forces within a
fluid. Fora fluidflow in a channel, the Reynolds number is egsed by the following equation:

Y0 _“D 1.4.1
where” A& GKS RSyairte 27 (&KShehyddzficRimmeter of the cldakngl Y S |
FYR > Aa (GKS Reyl YWhén thd RéydRisinurib@r isdoWw (<AoRd5, the flodzis R @
laminar, while high Reynolds numbers correlate with turbulent fluid flows. Under typical
microfluidic conditions, t Reynolds number is almost always lower thg@1l]. This means that
streams of fluidvithin the channels flow parallel along each other, and mass transport phenomena
are exclusivelgiffusion driven and therefore deeply controllable

Scale effects also play a major role in microfluididse surfacego-volume ratio increasessa
the characteristic length L of a physical system decredssing volume proportional to L2 and
surfaceto L2 Therefore,when downscalinggliffusion, surface tension and surface effects become
dominant with respect to volume foes such as gravity and inertidransport distances are
minimized and interfaces between different phases are maximized, enhatha@regficiency of mass

and energy transfer phenomenand leading to faster reactions.
1.4.1 Soft lithography

Most of early micrdlidic devices were fabricated by technologies derived from
microelectronics, primarily photolithographj69]. This technique, however, has a number of
limitations for applications related to biological systergst of allthe need to carry out thevhole
process in a clean roois incompatible witha low-cost bulk production of microfluidic devices
Secondly, photolithography can be successfully apmidgto a limited set of materialf’2]. These
limitations determined a shift tavards soft lithography, a family of ngwhotolithographic
techniques for fabricating and replicating micropatterns using soft substratgzarticular, one of
the most usedsoft lithography techniques for the fabrication of microfluidic devices is based o
rapid prototyping andeplica moldind69]. The whole proces as schematized by Mg al.[73], is
shown inFig.1.4.1.
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Fig.1.4.1: schemes for A) rapidrgtotyping; B) master fabrication
contact photolithography; C) replicaolding [73].
Rapid prototyping begins with the creation of a design for a device, through a corrgideat

design (CAD) software. The CAD image is printed atrbgghution on a transpardnfilm, which
serves ag photomaskfor contact photolithographyFig.1.4.1 A).

To produce the master mold,layer of photoresist ispin-coated onto a silicon wafer, and is
exposed to UV light through the photomasiis procedure can be repeated to obtain master molds
with multiple layersA solvent, called a developer, is applied to the surface after exposure to light.
There are two classesf photoresists: positive and negativeegjative photoresistpolymerizeor
crosslinkwhen exposed to UV light. Areas that are noveredby the photomaskecome insolublg
while unexposed regiorare dissolvedoy the developerPositivephotoresists on the contrary, are
degraded by UV lightAreas that arenot coveredby the photomaskbecome soluble to the
developer whileunexposed regiongemain insolubleAfter the removal of all the soluble portions
of the photoresist, the desired #gures are left in relief on the surface of the wafeerving as
master mold for subsequent processirkgg.1.4.1 B).

Replica molding consists pouring a mixture ofpolydimethylsiloxangPDM$ and curing
agent orto the master moldto generat a negative replica ofs features(Fig.1.4.1 C). After a curing
phase, PDMS can be peeled off the master, and inlets for microfluidic channels can be realized using

a borer or a biopsy puncherhis phaseno longer requires the use of dean room and can be
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carried on under bench top conditionMultiple replicas catherefore be produced from a single

master, reducinghe cost of production while increasing the ease of the process.
1.4.2 PDMSbased microfluidic devices

PDMSs a silicorbased elastomergonsising of repeated unitof -O-Si(CH).-. Its mechanical
properties can be tuned varying the curing tempewra, with a Young modulus ranging between
1.32 and 2.97 MP|E4]. PDMS offers several advantagesich make it appealing foine fabrication
of microfluidic devices fobiomedical applications: it is netoxic to cells, inexpensiveptically
transparent down to 300 nn{and therefore compatible with many imaging techniques) and
permeable to gaseg2], [75] It is intrinsically hydrophobienaking microchannels difficult to wet,
susceptible to air bubbles entrapment and prone to the adsorption of other hydrophobic species.
However its surfacecan bemodified by exposure to air plasma to become hydropf@8]. Plasma
treatment introduces silanol (8SDH) groups on the surface of PDMS; these polar groups can
condense with-OHcontaining groups on other surface®rming covalent-StO-St bondswhich

allow a tight, irreversible seal between PDBI®I other materals, such as glass or PDMS itself.

A PDMS |
[ T |
D L H

(Optimal aspect ratio: 0.5 <H/L <5, H/D > 0.05)

B
Lateral Collapse
PDMS EEE— PDMS

| Sagging

| Substrate | Substrate |

Fig.1.4.2: A) optimal aspect ratio ®DMS structures; B) lateral colla
for aspect ratios H/L > 5; C) sagging for aspect ratios H/D 4T2D5
Despite its several advantages, PDMS also has some drawbacks. Fafstigks upon curing

at high temperaturesThe shrinkage is about 1% for a curing temperature of 40°C, but increases to
2% when PDMS is cured at 8J76]. This should be considered when designing master siold
Secwmdly, the elastomeric character of PDNfroduces some limitations in the obtainable designs
[72]. With reference toFig.1.4.2, if the aspect ratio H/L of thetructure is too large, the stress
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originating fran gravity, adhesion, and capillary fosa@ay cause lateralcollapse also known as
pairing(Fig.1.4.2 B), alternatively, if the aspect ratio H/D is too small, thiusture will not be able
to withstand adhesion forces, and sagging will octig.(.4.2 C).These problemsanbe minimized

by designingnicroscopic featurebaving 0.5<H/L< 5,and H/D> 0.05.
1.5 Microfluidic devices fobiological studies

Microfluidic systems have been used for a variety of biological applictiociuding
immunoassays, separation of proteins and DNA, cell sortingneslipulation and cell culturd71].

Immunoassays are procedures for the el@ion of analytes using specific antibodidhey
usually require incubatiotimesof hours, but nicrofluidics can significantly redutiee duration of
the procedure, byminimizing the diffusion distance in microchannels, and by replenishing the
diffusionlayer with a fixed concentration of moleculésnderet al.[77] developed an immunoassay
for the detection ofhuman immunoglobulin @gQG in a PDMS microchannel, requiring incubation
times of only 1¢ 6 minutes Microfluidic systems also allow to perform a largamber of
biochemical assays in parallmagilowet al.[78] developed amicroarraycomposedof two PDMS
layers with orthogonal channels separatey two polycarbonate membranes and a microw€His
approachallowed the rapid, high-throughputscreening of N samples against M reagents single
device

Another interesting aplication of microfluidic techniques is the separation of proteins and
DNA. Capillary electrophoresis, in particular, can be easily implemented RDMSbased
microfluidicdevice The advantages of miniaturization include reduced cost and analysis tihe, a
the possibility to separate and detect single DNA moledui@k

The complex structures obtainable througbft lithographyopened up new perspectives for
cell sorting, manipulationand culture.Microfluidic devices have been developed to separate and
analyse singe cellg0], or to expose cells to stable gradients of molecules in soluf@h].
Importantly, micrdluidic devicescan also be used torecreate in vitro complex 3D orgatevel
structures [82]. These dorganson-a-chipé provide an unprecedented control over the
microenvironment at the cellular scale, allowing the creationstiuctures that support cell
differentiation and recapitulate the tissussue interfaces, spatiotemporal chemical gradieaty]
mechanicalcuesof living organg82]. This approach,integrating microfluidics technologies with
living cells culturedn a3D environment,enablesthe study of human physiology in orgaspecific

contexts,andthe development of specializedn vitro disease modelsThe possibility to use human
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cells the recapitulation obrganlevd functionalities, and the reduced experimental costs and time
make aganson-a-chip potentialreplacements foranimals used in drug development and toxin
testing[82].

A . PDMS channel
3 |

< Membrane

PDMS well

Shear stress 4

__“D-\'m AR RO O, D
- Osmotic grad
Hormonal
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B Il inlet 2y ok \
Sinusoid Endothe||a| Cellinlet \vicrouidic Endothelial’ :"j‘
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Fig. 1.5.1: examples of micr@ngineered organsn-a-chip, as reported by Hubt al. [82]. A) microfluidi
model of kidney epithelium, incorporating stacked layers of PDMS microchannels and ew@Dddfarate
by a porous polyester membrgnB) a micro engineered liven-a-chip, corsising of a central livercel
culture chamber and a surrounding nutrient flow chanselparated by barrierpatterned with a set ¢
narrow microchannels that mimic the highly permeable endothelial barrier between hepatocytes and
sinusoid C) nicrofluidic device for the study oéterotypic interactions between tumocells and endotheli
cells

Fig.1.5.1 shows some representative examples of organsa-chip, as reported by Huét al.

[82]. The microfluidic kidney epithelium model shownRig.1.5.1 A provided a physiologically
relevant culture environment for polarized kidney epithelial cealisgd enable precise control of
fluid flow, selective exposure of the apical and basal sides of the cgilsy&ical and biochemical
stimuli, and collection of samples from both sides of ttlesue[83]. The liveron-a-chip developed

by Leeet al.[84] (Fig.1.5.1 B) closely approximate transport of nutrients and waste products in
the liver sinusoigand providel more favairable environments for the maintenanoé primary liver
cells in a differentiated statérhemicrofluidic systenschematized ifrig.1.5.1 Cwas used to model
the tumour microenvironment and gain better understanding of important processes such as

angiogenesis and cancer cell invasion during cancer progrg8&pn
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1.5.1 Pillar-basedand hydrogelincorporating microfluidic devices

A 3D culture microenvironment is a fundamental requirement for the development of
sufficiently accurate physiological pathologicalin vitro models[82]. Hydrogels, i.e.crosslinked
polymeric networkghat swell in the presence of water, are attractive materials3brcell cultures,
due to their structuraland mechanicaproperties similar tothe ones ofnative ECM86]. They
possess a high water content and alloine transport of oxygen, nutrients, wate products and
soluble factors. Furthermore, many hydrogels can be formed under mild, cytocompatible
conditions allowing the embedment of cells within the hydrogel prior to its crosslinkifayeover,
it is possile to modify the hydrogel composition iarder to incorporatecell adhesion ligandasnd
to obtain the desiredmechanical propertieand degradabilityf86]. Various natural and synthetic
hydrogels have been successfully incorporated into microfluidic systems to support caBDin
environment While the use of hydrogels to create 3D cell laden constructs withiorofluidic
devices is therefore appealing, providing an approprsgtatial localiation of the still liquid solution
during the injectionwhile allowing a sufficient contact surface with adjacent compartments and
culture medum channelsposes some chiéengeg[87].

Huanget al. [88] proposed a method to create a defined confinement region for cell laden
hydrogelks, usingarrays of micropillargFig.1.5.2). Regularly spaced ieropillarsallowedto maintain
the integrity of the gels within individual channgind concurrently permied celkmedium and
celkcellinteractions between a@cent channelsThis versatile desigallowed the development of
microfluidic devices with multiple gel channels, which cdugdindependently filled with distinct
hydrogelseither through thermally or photerosslinked polymerizatioffFig.1.5.2 B). Such devices
were used for instance,to coculture breast cancer cells and tumeassociaéd macrophages
providing a model of the tumour microenvironment.

Gel entrapment during the injection phase was found to depend on three variables, namely
the spacing betweempillars the surface properties of theicrofluidicdevice, and the viscosity of
the hydrogel precursor solution¥.arious spacings were systematically tested, gracsgs up to
Hnn >Y BSNB F2dzyR G2 O2y il Ay Hidphabiciybfiing deyices n n .
increasedhe probabilityof maintaining an intact gel intéace, whilehydrophilicsurfaces facilitate
gel leakage intmeighbauring channelsFinally hydrogels exhibiting higher viscositylisplayedan

increased chance of leakage

51



INTRODUCTION
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rPosts—

5mi ]%" ‘

Top View |
[
B Inject Gel A Polymerize Inject Gel B Polymerize

Fig.1.5.2: scheme of thenicrofluidicdevice developed by Huaggal. [88].
Different versions of the device were developed, hosting A) a sisl
channel, or B) multiple gel channels.

To describe the gel injection process from a physical point of view, Hulahg88] developed
amathematicaimodel basedn a modifiedheory of thecapillary burst valvéFig.1.5.3). When an
advancing liquid interface meets the straight sectionaopillar at equilibrium, the difference
between the pressure inside the liquid &d the atmospheric pressureJRs given by the Yourg
Laplace equation

0 O ¢ wg_" wa_F 151
where! is the surface tension of the liquid; and h are the width and the height of the channel,

NEB & LIS O dis\ tkeSativanEing ‘contact angle formed between the liquid interface and the side
g | f t 3 is khg &lvahcing contact angbetweenthe liquid and the top and bottom wallsThe
liquid interface can only move forward when the contact angles with the walls exceed the critical
I R yOAYy 3 O2Whén th@ interffageIneeithe ‘edge of a pillarthe contact angle with
the new wall is reducedwhich causes the contact line to stopor the contact line to resume
RO YyOAYy3dS (GKS AYGSNFIFOS &aK2dz R odzZ IS dzdG At
leading toanincreasen the contact angldormedg A G K (0 KS 2 4tdR 1. Bot tistpur@odeR ¥
the driving pressure difference P , $hould be greater than
wé—+ wéE+

Vi) 1.52
YU q 0 0
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Through a proper dimensioning of the central channel and the spacings between confining
pillars, it is therefore possible to obtain a preferential advancement direckmna correct injection,
the driving pressure difference should be greater tlaaminimum threshold valup tidn, Necessary
for the advancement of the fluid in the gel channalit lower than a maximum value g4, which
would determine the leakage of the fluid in the adjacent chanrtélsganget al. predicted that if the
differential n tidth ¢ N fap €XCEEdS @ minimum value of 500 Pa, leakage will most likely not occur.

This differentiacanbe maximized bysing hydrophobic materiafer the deviceand by optimizing
the design othannelspillarsand spacing.
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Fig. 1.5.3: A-C) diagram oftie filling process in a channel:&) gaphs of calculated pressure differen
across a variety gfarameters [8].

1.5.2 Mechanically active microfluidic deves

The capacity to deliver mechanical stimuli is a fundamental requirement for devices aimed at
modelling pathophysiological stegef mechanically active tissues and org@nsluding joins). For
this reason, &rious microfluidic devices providing celigth mechanical stimuli have been
developed Huhet al.[89], for instancedeveloped a microfluidic device reproducing flaactional
alveolarcapillary interface of the human lunilicrovascular endothelial cells and alveolar epithelial

cells were cultured on the two sides of a porous PDMS membrane coated with collagen or
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fibronectin. The membrane wdmundto two lateral chambers, as shownhig.1.5.4. Vacuum was
cyclically applied to the chambers, producing a stretching ofleenbranewhich in turn provided
cells withuniform and unidirectional strains matching those observed in native alvBotilar

designs have been used to develop microfluidic models of kidney glomerulus ajgdgu®1}

Vacuum

Fig. 1.5.4: scheme of thanicrofluidic device developed by Hehal
[89]. The device recreate physiological breathing movements
applying vacuum to thdateral chambers and causing mechan
stretching of the PDMS membrane

Another approach, developed by Marsaeob al. [92], combined the use of a stretchable
membrane to provide mechanical stimuli with the use of micropillars to conficedldaden hydrogel
within the microfluidic deviceThe device, schematizedhig.1.5.5, consisted in tw@ompartments
separated by 800>m thick PDMS membrane. The top compartment was compos$edo lateral
channels for culture medium and a central channel hosting a celhlbagdrogel. The channels were
divided by two rows of equally spacidngingpillarswith a hexagonal crossection.A 50>m wide
gap was present between the pillars and the membrane. When the bottom compartment was
pressurizedy a pneumatic actuation sysn, the PDMS membranieended upward, compressing
the hydrogeland eventually abutting onto thelltars.This microdevice wassed to generate mature
and highly functional micrengineered cardiac tissues from both neonatal rat and human induced

pluripotent stem cellderived cardiomyocytes

-
| | I
r 3D cell —ﬂ |
~ construct |
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Fig.1.5.5: scheme of théneart-on-a-chip device developed by Marsamb al. [92]. The
devicerecapitulated the physiologitmechanical environment experienced by celtbé
native myocardiumthrough the induction of cyclic uniaxial strains.
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1.5.3 Microfluidic osteochondral models

In recent years, many attempts have been made to develop microfluidic models of
osteochondral tissued.eeet al.[93], for instancedescribel a PDMSbased pneumatic microfluidic
devicefor the stimulation of cartilaginous cell constructs. Chondrocyte laden alginate hydrogels
were compressed by PDMS balloons, actuated by pressuriz&hfoons of different sizeslowed

the generaton of multiple compression conditions in a single platfonscheme of the device is

Alginate-chondrocyte
Ay
Glass plate 2 =~ construct

shown inFig.1.5.6.

. PDMS Air chamber L‘W‘1
. Glass plate
. Alginate gel

@ cChondrocyte - PDMS =
balloon

Pressurized air

o o —— e
Fig.1.5.6: scheme of the devicesdeloped by Leet al. [93].

A different approach, based on the design previougcribedby Marsanoet al. [92], was
adopted byMainardi [94] to develop a microfluidic device for the 3D culture and mechanical
stimulation of cartilaginous construct§he device consisted in a culture chamber, with two rows of
micropillars confining the hydrogélased cell construct, and an actuation chamb€&he two
compartments were separated bynaembrane whose thickneswas increased from 300 to 7506n
to make theactuation pressure independent of the presence of the cell construct in the culture
chamber.The geometryof micropillars was optinzed, to provide a better hydrogel confinement
and limit the unwanted lateral strain borne by ceAsFshaped crossection thanks to its high area
moment of inertia, was shown to be the ideal choice to limit the lateral displacement of the hydrogel
without increasing too much the thicknessthe pillars which would lead to air entrapmemtithin
the device Spacings betweepillars were decreased from 50 to 30n, to further enhance gel

confinement.Different heights wer@adoptedfor the gaps underneath the micropillars. In this way,
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the device couldprovide cells either with physiologicdll0%) or hyperphysiological(30%)
compression stimuliNasal chondrocytes were embedded inpalyethylene glycol (PEGhased
hydrogel and cultured in the device, and the effect of the cyclic application of different compression

levelson the cell constructgvas assessed.he device is visible Fig.1.5.7.

Fig.1.5.7: scheme of the device &d byMainardi [94] and Occhettaet
al. [95]. A) the device consists in tveompartments, separated by
membrane. The top compartment is composed of a central gel ct
(in blue) and two lateral medium chanee(in red). The botto
compartment represents the actuation chamber (in grey); B) del
the two compartments; C) at rest condition the actuation chamt
kept at atmospheric pressure, and the actuation membrane is fl.
when the actuation chambeis pressurized, the membrane be
upwards, compressing the cell construct.

Occhettaet al. [95] used the same microfluidic platform to assess the effectcytlic
hyperphysiological compression oHACs Cells exhiited a shift towards an osteoarthritic
phenotype, characterized by an upregulation of hypertrophic markers such as collagen type X and
Indian Hedgehog (IHH), and a downregulation of hypertrophy inhibitors suétizdedrelated
protein (FRZB)Dickkopfrelated protein 1(DKK1) an@Gremlinl(GREM1)The modelas validated
on wellestablished antinflammatoryand anticatabolic compoundsand was used for the testing
of a novel drug candidate with MMP inhibition activity.

While cartilage is populated by a single cell type, and can be modallatto with relative
ease,the design ofin vitro models of bone is particularly challengifgpth becauseosteocytesare
intrinsically difficult to culturan vitro [19], andbecause an exhaustive model should consider the
complex interactions between bone @ and vasculaturg96]. Bersiniet al. [97] cocultured

endothelial cells and MSCs differentiated towards the osteogenic lineage in a microfluidic device,
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recreating a vascularized bone micremonment. The device comprised eigeR5umlong, 120um

wide and 15Qum high gel regions, interfacing with a central medium chanhkeé model was used

to analyse theransendothelial migration of metastatic breast cells into bone. Nassllal. [98]
devdoped a microfluidic platformnicorporating a collagen type | hydrogel seeded with primary
human osteoblasts. The device consisted in three 1.145 mm wide anadn28@h gel channels and
two lateral medium channels, separatedioyvs of equally spaced trapezoidal pillafbe structural

and biochemical microenvironment induced the mineralization of the collagen matrix and the
differentiation of osteoblasts into osteocytes.

Calcified cartilage plays an important role in 28], [27], and it should beonsidered when
modelling the native environment of an osteoatrthritic joint. Howewaigrofluidic models focusing
on this tissue and its interactions with hyaline cartilaaye lackingMoreover,at presentthere are
no availablemicrofluidic modelsonstderingthe response of this tissue tmechanical overloading,
which is a crucial elemerfor the development and the progression of OFor thisreason a
mechanically active, multissue microfluidic device for the culture of 3D osteochondral constructs

is required.
1.6 Thesis aim

OA is a musculoskeletal diseadéctingnearly5% of the global populationyith 15 million
new casediagnosedeach year[10]. Despite its high prevalenand incidenceno satisfactory
therapies are however,available[2]. Thislackis partly due to theabsenceof in vitro models able
to recapitulate the compleity of OA and provide insight into its pathogenedis9], [47] The
application of microfluidis to cell biology studieswith the development oforganson-a-chip,
recently opened up new perspectives, making it possibfgovidein vivelike complex stimuli (e.g.
mechanical cues, fluid flow, highly controlled chemical diffusieith an unprecedented control
over the cellular microenvironmei82]. This, together with other benefits of miniaturization, such
as the reduction in costs and tinoé experiments, makes microfluidic devices partielyl appealing
to produce pathophysiological tissue moddB2], [89] Previousstudies demonstrated the
feasibility ofdeveloping representativenicrofluidic models of OAOcchettaet al., for instance,
induced an osteoarthritic phenotypm articular chondrocytesn a cartilageon-a-chip mode] by
means of a cyclic hyperphysiological compresg@&h Thsstudy, however, only focused dnyaline
cartilage, while OA is widely recognized as a pathology affecting the whol¢j@]nf20] A multi-

tissue modelstherefore needed to better recapitulate thepathologycomplexity.
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In this framavork, the aim of the present woristo develop and validate a microfluidic device
able to model in vitro some key features pragr of an osteoarthritic osteochondral interface.
Specifically, thedevice should host tw@D hydrogetbased cell laden constructs with a direct
interface, tostudy the direct tissudissue crosstalk proper of jointdloreover,it should allow the
mechanicaloverloadingof the cell constructsto recreate one of the major risk factors for the
development and the progression of OA preexisting microfluidiglatform [94] was used as a
starting point and its features were relesignel to allow the hosting and the stimulation of two
separate cell constructsAn enzymatically crosslinkable andcleavable eightirm PEGbased
hydrogel [99], previously denonstrated to be suitable dr the differentiation of cartilaginous
microtissueg94], [95] was adoptedo generate the cell constructs.

Themainwork was articulated intothree steps:

i.  Design and production of mechanically active rarofluidic devicdor the 3D culture and
the mechanicalstimulation of two cell constructs with a direct interfgceonsidering
different stimulationconditions

i. Generation of a healthy osteochondral construct consisting airhyaline cartilage
compartment (from HACs) andh calcified cartilagecompartment (from bone marrow
derivedMSCs), and optimization of the interface between the two tissues.

iii.  Induction of OA traits in the osteochondral construct, through the application of a cyclic
hyperphysiological compression.

Notably, while the culture conditions to obtain HAssed hyaline cartilage and induce OA
traits in it were availablg¢95], no present work focuses on calcified cartilagbe generation of a
calcified cartilage construct from bone marrow derived MSCs in single culture and the induction of
OA traits in the construct through the application of a cyclic hyperphysiological compression were
therefore pursued using an availaldevice[94], as a preliminary biological aim and as a control to
properly discern the effect of coculture.

Microfluidic devices were designed and fabricatgdPolitecnico di Milano (Milan, Italyin
the Microfluidics and Biomimetic Micsgstems Laboratory (MiMic Lab, Department of Electronic,
Information and Bioengineeringbiologicalvalidationand culture optimizatiorwere performed at
Universitatsspital Basel (Basel, Switzerland), in thiesuE Engineering Laboratorff E Lab,

Departmeant of BioMedicine)
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2.1 Designof the microfluidic device

As previously discussedhe ultimate goal of this thesis is to produce and validate a
microfluidic device able toecreatein vitro the environmentof an osteoarthriticosteochondral
interface To achieve this goalhe device should comply with the following project requirements:

i.  Allow thecoculture of two 3Dconstructs consisting in cell laden hydrogalsider controlled

biochemical and biomechanical conditions. The two hydrogels should host two different cell

populations, namely chondrocytes and hypertrophic chondrocytes, to model the hyaline

cartilage and the calcified cartilage of the native joint, respectively.
ii.  Guarantee the presence of a direct interface between the two cell constructs.
iii.  Deliver controlled mechanical stimulio the cell constructsln particular, the desired

compression level was set equal to 3886 the hyaline cartilage construcsince previous

studies showed that this hyperphysiological stimulation was able to induce an osteoarthritic

phenotype in chondrocyte$94], [95] The desired compression level for the calcified

cartilage construct was set either to 30% orzro(see sectior2.1.1).

iv. Guarantee an adequate diffusion of solutes within the hydrogels, to provide cells with the

optimal amount of nutrients and differentiation factors.

Fig.2.1.1 showsa sketchof the device. The desigis based ona preexisting microfluidic
platform [94], which wasadaptedto host two separate cell construct§he device fabricated in
PDMS consists in three layers: a culture chamber (top laggeyin Fig.2.1.1 B), an actuation
chamber (middle layeiblue inFig.2.1.1 B) and a floor (bottom layemreen inFig.2.1.1 B).The first
two layers present microscopic features, while thtter is smooth and unpatterned.

The culture chamber is composetifour 6570>m long channeldwo central onego host the
hydrogetbased cell constructsand two lateral onesto provide the culture medium. The gel

channels are separated from the medium channels by a rdatefalpillars hanging from the ceiling

of the chamber, while a central continuous wall or a series of pillars separates the two gel channels

from each other.Each channel has its own inlet and outlet. The culture chamiesrdn a

deformable membrane, which separates it from the actuation chamber. A gap is present between

the membrane and thebottom surface of thewall/pillars. When the actuation chamber is
pressurised, the membrane bends upwarthus compressing the hydrogéisig.2.1.1 C) The wall

and the pillars provide a mechanical stop to the membrane, in order todagoi excessive
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deformation of the cell constructs. In this way, by applying a cyclic pressure to the membrane, it is
possible to provide cells with stragontrolled stimuli. The nominal strain the vertical directior#

dependstherefore on the height othe gap and the pillars through the following equation

"0 R "0 "0 {1 "0 2.11
Y& O'RKIX) OO R W 0 Qo WLLIK

The membrane thicknegsad alreadybeenoptimized for a device that closetgsembled the
ones used in the present wofR4], showng that a minimumvalue of 750>m was necessary to
guaranteeits proper functioning. This value was further increased by a security factor, and a final
thickness of 1 mm was adoptea the present workTo avoid the sagging of the membrane due to
its own weight,sixrows of cylindrical postaere insertedin the actuation chamber. The diameter
of the posts was set equal &9 >m; the distance between two subsequent pogtentreto-centre)
rangedbetween 215>m in the central region of the actuation chamber at&b>m in the peripheral
region; the distance between the rowangedbetween 400 and 495m. The height of the actuation

chamberwas setequal to 50>m.
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Fig.2.1.1: A) sketch of the culture chamber of the microfluidic device, top;uBwketch of thesection o
the device. The culture chamber is represented in grey, the actuation chamber in blue and the floor
C) operating principle of the devic&/hen the actuation chamber is pressurised, the membrane
upwards, compressing theell constructs (represented in red).
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To guarantee the proper functioning of éhdevice and the compliance with the project
requirements, further calculations were performed, to optimize the following parameters:
1 Width of the gel channels;
1 Height of the culture chamber and the gap;
1 Design of the pillars.

2.1.1 Deviceversions

Different deviceversions weredeveloped varyingthe interface betweerthe cell constructs
the produced mechanical stimulatipand the width of gel channels

As regards the interface, two options were considerede consisting in a row of pillars
sepaating the constructs, the other consisting in a continuous vlbrinciple, a wall should allow
a better confinement of the hydrogels and a smoother interface between them. On the other hand,
this configuration reducgthe contact surface between the Eeonstructs, whichvaslimited to the
gap present between thbottom surface of thavall and the actuation membrane.

Two different stimulation conditions weralsoi S& G SRY Ay GKS FAighdd 2y
was present underneathall the lateral pillars and the centralwall/pillars. In this way, a
homogeneous80% compressioaf both the cell constructs should ideally be achievadhe second
O2Yy RAGAZ2Y othelgdpdvasmaiitainkd@elyon the side of theviceaimed at containing
the hyalne cartilage constructwhile the lateral pillars on the other side and the centvall/pillars
occupied the whole height of the culture chamb&he aim of his configurationwasto apply the
compression only to thayaline cartilageconstruct, while reducing the amount of strain borne by
the calcifiedcartilageone, thus beingmore similar to thecompression level®und in vivg where
the superficial and middle layers of articular cartilage incur most of the deformation, while the
strains in the deep and calcified layers are smgié].

Finally, concerninghe width of the centralchannelsan optimization procedure was carried
out asdiscussed imletail insection2.1.2

Three versions of thdevice were realized, combining the features described above:

1 In the first versionthe symmetric configuration was adopted, ath@ two central channels
were separated by a row of suspended pillars hanging from the ceiling of the actuation
chamber.Centrd pillars had a heagonal crossection with a width of 50>m and a length
of 90>m. The distance between two subsequent pillars was set terd0This versioof the

devicg visible inFig.2.1.2! = gAff 06S KSNBAYIFISNI NEFSNNBR
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In the second version of theevicethe symmetric configuration was maintaingoiut the
central row of pillars was substituted with a continud®>m widewall. This versioof the
deviceb a2 | f f € 0 FIBA12BK2 g9y AY

In the third versiond & | y Athel céndral row of pillars was reintroduced instead of the
continuous wall. In this casthe asymmetric configuration was adoptethe crosssection
and a top view of thisleviceare visible inFig.2.1.2 C. An asymmetric device with a wall

interface was not produced, since this combination would eliminate completely the contact

surface between the two cell constructs.

POCLOOCOOOOCOSVIOO0OCOOODODO
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Fig.2.1.2: A) left: sketch of the culture chambar the Pillar device. Cell constructs are represented il
centre:top view of the Pilladevice(detail); right: crossection of the Pilladevice(detail), B)left: sketch ¢
the culture chamber in the Wall device; centom view of theWall device(detail); right: crossection of th
Wall device(detail) C)left: sketch of the culture chamber in the UniLat device; cetdpeview of theUniLa
device(detail); ight: crosssection of theJniLatdevice(detail).
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2.1.2 Channebwidth

The channelsvidth was optimized to guarantean adequate diffusion of solas withinthe
hydrogels Ideally, the concentrations of both glucose, oxygen, and differentiation factors such as
TGF &aK2dz R 0SS S@lIfdzr SR K28S@OSN) y2 RIGF | NB
differentiation factors. Therefore, only oxgg and glucosewere considered during design
optimization proceduresMoreover, snce PDMS is permeable to oxygen and chondrocytes have a
low basal oxygen uptakd00], glucose concentration waadoptedas the most critical parameter
for the dimensioning The general diffusiocnonvection equation(equation 2.1.2) was used to
evaluate the glucose concentration C within the construct:

TT—Z 08 8 06 of 8 212
where t is time, D is glucose diffusion coefficient in the medium, equal focti®/s at 37°J101],
V(C) and P(C) are its volumetric consumption and production rates, respectivelisahd velocity
field. Some hypotheses were introduced to simplify the model:

1 The presence of both the lateral pillars and the central wall/pillars was neglected.
1 Theculture chamber was modelled as a single parallelepiped with a widtrequal to the

sum of the widths of the two gel channelsgéyand of the central wall/pillars & 50 pn):
0 cO 0 2.13

1 Glucose concentration was considered to vary only along the width of the culture chamber,
while being homogeneous along its length and height.

1 Glucose concentration in the medium was considered to be homogeneous in apdce
constant in time. Actually, the total amount of glucose in the medium should eventually
decrease due to cell consumption, however this reduction was neglected since the volume
of culture medium contained in the lateral channels and in the reservaas mwuch larger
than the volume of the cell constructs.

1 Steadystate conditions were considered.

1 Convection was neglected, i.éhe velocity of the medium was set equal to zero.

1 The problem was considered as symmetric with respect to the vepiaaé passing through
the axis of the culture chamber.

1 Glucose production by cells was set equal to zero.

1 The volumetric glucose consumption was considered as constant, and equal to:

0o YD 2.14
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where R is the cellular glucose consumption rate and N is the cell density within the
construct. N was 50*1%0cells/ml, while R was set equal to 0.13610l/(10° cells*h)[101],
leading to a volumetric consumption of 1.75*10>mol/(ml*s). No differenceswere
expected between the hyaline cartilage construct and the calcified cartilage one.

Under these hypothesegguation2.1.2 became:

5

o2 &8 2.15

Tw

which was solved analyticaliptroducing the following boundary conditions:

0d T T 2.16
where J is the glucose flow, resulting from the symmetry of the probigimrespect to x = Qwhich
corresponds to the migboint of theculture chambemvidth, and:

v
& & - & 2.17

where Wot/2 corresponds to the lateral side of the gel a@glis the glucose concentration in the
culture medium present in the lateral channels of the device, equal te-dhél/ml. The profile of

glucose concentration within the hydrogel was obtained integrating equéi@® twice:

T ¢ I 2.18
Ow 6 —w —
c¢O T
The minimal acceptablglucose concentration was set equal 207 >mol/ml, value below
which the metabolism of chondrocytes chand#80]. This value was imposed dtg most critical

position within the construgti.e, x = Q Solving for wt, equation2.1.8 becomes:

o LIJ_wO 5 & 2.19

which sets the maximum acceptable value faswo 2868 um. Introducing this value in equation
2.1.3, the maximum gel channel widthgwresults equal to 140Qm.

This value, obtained considering ideal conditions, was reducedsiayety coefficient. Further
considerations were made to set the final channel widéhower valuewould reduce the number
of cells needed for the tests (by reducing the total volume of the gel channel) and would result in a
higher surfaceo-volume rato; on the other hand, it would also produce a higher unwanted lateral
strain within the cell constructl02]. According to these considerationsya different gel channel
widths wereused namely 500>m and 300>m. A width of T ¢ pm wasadopted for the lateral

channels, instead.
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2.1.3 Culture chambemand gapheight

The height of the pillars was set equal to 200, while the height of the gap was setjualto
43 >m, leading to a total culture chamber height of 14®. These values, already optead in a
previous worl{94], correspond to a nominal strain level-80% calculated through equatiod.1.1.
Other than the compression level, the height of the culture chamber also influences the aspect
ratio of the central channels. This parameter, defined as the ratio between the haaighthe width
of the channels, is proportional to the median lateral strain within the hydr@b@2]. In order to
minimize the lateral strain and to obtain a confined compression, the aspect ratio should be as low
as possible. A total culture chamber heightof MY I f f 2g6a G2 KIFI @S |y | &Ll

and cartherefore be considered an acceptablalue.
2.1.4 Lateral pillars design

Thedesign oflateral pillarswas optimized in order tbmit the lateral displacement of the cell
constructsandto achieve a confined compression. For this purpose, the pillars should be as thick as
possible. On the other hand, thick pillars would increase the chance of air entrapment within the
deviceupon the first medium injection into the lateral channeighidh would lead to an impaired
interface between the medium and the cell constructs and thus to a lack of nutrientshaped
crosssection, thanks to its high area moment of inertia, was shown to be the ideal choice to limit
the lateral displacement of thaydrogel without increasing too much the thicknesfsthe pillars
[94]. The crosssection and the dimensions of tHateral pillars are shown irrig.2.1.3. An angle
equal to 63°wasimposed between the lateral edgef the pillar(BCin Fig.2.1.3) and theedgein
contact with the hydrogelABin Fig.2.1.3). In this waythe leakage probabilitduring the hydrogel
injection was reduced, by minimizirtge contact angle bveen the advancing hydrogel and the
lateral edge of the pillar according to the modified capillary burst valve model proposed by Huang

et al.[88] (see sectiorl.5.1).
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100

300

Fig. 2.1.3: crosssection and dimensions of the lateral pillars.
measures are expressed in microns.

The distance between twosubsequent pillars washosen based on the following

considerations:wider spacings can impair a perfectly confined compression, and increase the

chance of gel leakage into adjacent channels during the injection gB&ehowever, they are

necessary to increase the interface between the cell constructs and the culture medium, and to

allow the outflow of the fluid from the hydrogel during compressibtuanget al.[88] showed that
the leakage probability was minimal for spacings up te>B0 Some devices similar to aseused

in the present work had already been tested previous studif4], andspacing®f 30>m between
pillars were shown torepresent the optimal tradeff between a confined compression and an
adequate celimedium interface A final distance of 30>m wastherefore adopted. To verifythe
adequataness of thestrain field within the hydrogelvith this configuration further analyses were

conducted using a finite element methdske sectior2.2).
2.2 Computationalanalysis

A computational analysis wagrformed to assess the strain field in the deviEite element
modeling of the devicewascarried outusing the software Abaqus/CAE 6.14 (SIMUl.Bassault
Systeme®).

A three-dimensional finite &ment model of themicrofluidic device was developedto
evaluate the strain field within the cell constructBoth the symmetric and the asymmetric

configuratiors of the devicewere consideredln order to reduce the computational cost of the
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simulations, only a small region of thievicewas modelled, exploiting symmetries presentits

geometry. The region of interest (ROI) considered in the model is showigid.2.1.
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Fig.2.2.1: top view of thedevice with detail of the regin of interest considered in the model (in red).

In detail, symmetry planes were introduced to cut in half the lateral pillars and the gaps
between contiguous pillars. The hydrogels and the membranes were cut along the same planes. The
final ROlhad a thickness of 165 umthetwo hydroges were modelled as aingle D50 um wide,

143 pum high and 165 um thick parallelepip&dth a hole in correspondence of the central pillar
partition was created to allow thapplication of different mechaical properties to thehyaline
cartilageand calcifieccartilage compartmentsThe central pillar was modelled as an elliptic cylinder,
with a minor axis of 50 um along the X direction and a major axis of 90 um along the Y direction.
Only half of the ®haped section of the lateral pillars was modelled, resulting inshdped
geometry. The shorter side of the L was 150 um long and 100 um thick, while the longer side was
300 um long and 50 unmick. The height of the pillars was either 100 um or 143 unpedaling on

the deviceconfiguration The edges of the pillars in contact with the hydrogel were smoothed with

a 10 pm radius to reduce geometric discontinuities. The membrane was modelled as a 2575 pym
wide, 500 um high and 165 pum thick parallelepiped. g&emetries of the twaleviceversions are

shown inFig.2.22 andFig.2.2.3.
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Fig.2.2.2: representativeviews of the ROI of theymmetricdevice The pillar
and the membrane are coloured iregn thehydrogelsn blue.

L
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L
Fig. 2.2.3: representativeviews of the ROI of th@asymmetricdevice The pillar
and the membrane are coloured iregn thehydrogelsn blue.
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The PEGbasedhydrogels were meshed using linear, coupled pore fluid/stress tetrahedral
elements (C3D4P), while the pillars and the membrane were meshed using linear, hybrid, 3D stress
tetrahedral elements (C3D4Hhlybrid elements are indicated in the Abaqus documeintatfor
incompressible and quasicompressible materials, while coupled elements are needed to account
for the poroelastic behaviouAn average element size of 20 um was used for the hydrogels and the
pillars, and it was increased & pum in the regiongar from the boundaries. The membrane was
meshed using an element size of 75 um, instead. A tota236B81 and 24926elements were
generatedfor the symmetric and theasymmetricdevice respectively A contact establishing step
was introduced to initializ the contact and a pressure of 60 kPa was applied through a ramp at a
50 kPa/s loading ratelhe loading step was modelled as a soil transient consolidation. A variable
time step was used, with a minimum value of1)

PDMS was described as a hyperietasnaterial; the general stresstrain relation for
hyperelastic materials is:

{1 < TTT((;) E TTT(C;) Ok F %)"OF 2.21
whereSis the Second Pioldirchhoff StresCis the Cauchy Tensor for straliis the identity matrix,
W is the elastic energy and k and k are the first, second and third invariants Gfespectively.
The MooneyRivlin model, often used for rubbdike materials such as silicone, was adopted to
describe the elastic energy function:

w ® 0 o ®w 0 o 00 p 222
where J is the Jacobian angl,aci0 and D are material parameters. The valuesof @o and D for
PDMS were obtained from literatuf@03]: ciowas set equal to 254 kPayto 146 kPa while D was
assumed equal to zero due to the material incompressibility.

The PEased gel was modelled as a Biphasic Poroelastic (BPE) mgtediplPE@ased
hydrogels can display a wide range of mechanical propeitigoarticular, gels with a low polymer
percentage, like the ones used in this work, have a Young modulus in the range between 1 and 100
kPa[105]. In order to consider the most potentially ccddil condition, the Young modulus was set
equal to 100 kP§5]: this isthe worst case scenario, because the more the material is stiff, the more
difficult it is for the membrane to reach the pillars andmpress the hydrogelsdequatelyt 2 A a a 2 y Q3
ratio was set to 0.3395], [106] The initial void ratio, defined as the ratio between the volume of
voids and the volume of the solid part, was set equal to 55, consider23gw/'v gel formulation

(which corresponds to &.7%6v/v formulation). e specific weight for the pore fluid was set to
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9741 N/m3. The permeability for 2% PEG was not found in literature, so a value ¥fribwas
assumed consistent with the one experimentally found by Offedelual. [107] for a 5% w/v PEG
hydrogel. A lower polymer concentration should determine a slightly higher permeability. To assess
the effect of this variation, a simulation was carried out doubling the permeability valueséteng

it to 2*10'*m?) while keeping allte other parameters constant. Once verified that the effects of
this approximation were negligible, a value of'tt?was adopted for all the following simulations.
Instead of the permeability, Abaqus uses the hydraulic conductivity K to describe rsatéoia
obtain a value for this parameter, the permeabiltyasmultiplied by the gravitational acceleration

and divided by the cinematic viscosity of water, leading to the result K = 1741119

The calcifiectartilage constructvas described using the same model adopted forhialine
cartilage one. Only the Youg modulus was changedvhile keepingall the other parameters
constant. Preliminary tests suggested that the calciiadilage constructvas nearly twice as stiff
as thehyaline cartilageone, so the Young moduliswas set equal to 200 kP&o evaluatethe
dependence of the strain on the mechanical properties of the hydragjelulations werealso
performed setting E equal to 150 and 100 kPa.

The contact between all the surfaces was modelled as frictionless, to represent perfect
lubrication. The followig boundary conditions were imposed: the vertical displacement of the top
of the two hydrogels was set equal to zero; the top of the pillars and the lateral edges of the
membrane were modelled as encastered; a zero pore pressure was imposed on the poftioas
lateral edges of the hydrogels which were not in contact with the pilfarajly, a symmetry along
the Yaxis was imposed at the planes previously introduced to cutitheceand reduce theROI.

A mesh sensitivity analysis was conductat the symmetric confuration of thedevice in
order to ensure the congruence of the solution. The data, showiignr2.24, refer to the
displacement along the X direction of the bottom edge of the face ohtfaine cartilage construct

in contact with the lateral pillar.
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Fig.2.2.4: mesh sensitivity analysis. Mean, minimum and maximum displacement

of the nodes of the bottom lateral edge of thgaline cartilage constru@tre reported.
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2.3 Device production

Devices wererealized through soft lithography techniqueMaster molds were realized

through photolithographyand replica molding wasubsequently usetb produce PDMS devices.
2.3.1 Master moldsfabrication

The features of the deviceas optimizedn section2.1, were translated into masks for soft
lithography(Fig.2.3.1). Full size drawings of the culture chaenband the actuation chambers were
realized using AutoCAD 2020 (Autodeskjo separate drawings were made for the culture
chamber, one for the pilldiayerand one for the underlying gap total of three photomasksvere
produced, corresponding to pillars, gapnd actuation chamber, respectiveliprawingswere
printed at full size and high resolution (64000 dpi) on MylBo®esterHIm, using a laser printer
(MicroLithography Services LtdEssex, UK). No masks were needed for the bottom layer of the
device, being its surface unpatternadine culture chambergthree for eachdeviceversion) were
fitted into a single photomask. A single actuation chamber with three compartneamsected to
a single inletvas used for the threeulture chamber®f the same typeallowingthe stimulation of
three biologically independent samples in paralEhdminimizing the requirement of tubings and
connections

Master mold fabrication was performed by gtolithography in the clean room at PoliFdhe
micro- and nanotechnology centre of Politecnico di Milano, meamvironment with acontrolled
number and size of polluting particleéSU8 epoxybased negative photoresist (Microchem, Newton,
MA) was spircoated onto 4inch, polished silicon wafer$he features corresponding to the pillars
and the gap were realized in the same waflerough multilayer photolithographyavoidingthe
necessity of aligning the layers during the production of each culture cagrabdincreasngthe
accuracy of the whole process. First, the photoresist wasamitedonto the waferto match the
desired height of the ggpnamely 43um. The desired thickness of the photoresist layer was
achieved by setting the spin rate of the wafer through previously made calibration cUivegap
mask was accurately put soft contact with the wafer, to transfer the features onto the -8U
coating.The photoresist was exposed to a collimated UV light beam through the photomask. The
first mask was removed, and a second spoating of the photoresist was performed, obtaining a
thickness corresponding to the desired pillar heigt@0um). The pillar sk was alignedith the
gap layey thanks to the specifically designed alignment sidine SLB coating was agaiexposed

to a collimated UV light éam through the photomaskrendering Regions of the negative
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photoresist exposed to the UV light crossidlkand becameinsoluble An organic solvent, called a
developer was used to dissolve thenexposed regionsf the coating, leaving only the desired
features on the surface of the wafer. An analogous procedure was used to realize the master mold

for the actuation chamber.
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Fig.2.3.1: CAD drawings of the photomasks for the microfluidic devicegilld) layer; B)gap
layer; Chactuation chamber. Alignment signs are visible on each j&)edetail of the pillar lay
(in blue) andhe gap layer (in red) of the three different device versions (from left to right:
Wall, UniLat) Inthe UniLat versiorthe gap is present only on one side of the device, as pre
discussed in sectiaghl.1 Therefore, the lateral pillars on the other side and the central |
had to be drawn also on the gap layer, in order for them to occupy the whole height of the
chamber
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2.3.2 Layers fabrication

Themicrofluidic devicdayerswere fabricatedin PDMS (SYLGARD® 184 SILICONE ELASTOMER
KIT, Dow Corning, USAhe polymer was prepared by mixing the base and the curing agent
wi/w ratio of 10:1, as indidad by the producer. The two components were manually mixed with a
spatula to obtain a homogeneous solutioFhe solutiorwasdegassed in a vacuum chamizer0.8
bar for approximately 1§ 20 minutes, to remove air bubbles. After the degassing cycle, PR&4S
poured onto thepatterned master molds for the culture chambétop layer)and the actuation
chamber(middle layer) and onto aPetri dish for thefloor of the device (bottom layer)lo prevent
PDMS from sticking tthe mastersurface, asilanization treatment was performed before the first
pouring phase The master molds were exposed tantethylchlorosilanegasseg TMCS, Sigma
Aldrich) for 30 minutes at room temperatur®perations were carriedut under a chemical safety
hood. Once PDM®&ad been poured on the master moldmother degassing cycle &0.8 bar vas
performed. The polymer was allowed to reticulaten a levelled shelat 65°C fotwo and a half
hours Afterwards PDMS layers were carefully peeled off thelds Each PDMS layevas cut and
refined using a razor blad&he holes serving as reservoirs for culture medium and the inlets of the
gel channels were realized in the top layer using biopsy punchers with a diameter of 5 min and
mm, respectively. Théop and middlelayers were positioned on a glass Petri dish, with the
patterned surface of the top layer and the unpatterned surface of the middle layer facing upwards.
The Petri dish was inserteda plasma cleaner (Harrick Plasmahere it waexposedo air plasma
for 50 secondsFollowing plasma activation, the top and the middle layeere carefully aligned
andsealed togetherenclosing the culture chambeifterwards they wereallowed to bond for 30
minutes at 65°C. The hole serving as an inletherdctuation chamber was realized through both
the top and the middle layer, using a biopsy puncher with a diameter of 0.5 mm. The bottom layer
and the patterned surface of the middle layer were activated by plasma and sealed together, thus
enclosing the etuation chamber.The device was left at 65°C for 30 minutes,ettsure water

evaporation
2.4 Device characterization

2.4.1 Geometrical characterization

A geometrical characterization of the devsogas performedyerifyingthe correspondence

between the actual dimensions of the features and the nominal ofégsee chambers were
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measured foeach version of thedevice The culture chambers were cut with a razor blade, in order
to obtain sections with a thickness of approximately 1 mm. Thredes were obtained from each
culture chamberSections were observed througha@mpoundmicroscopgAmScopd120Q, and
picturesat magnificationsof 4x and 10x were taken using a camera (AmScope MU500) connected

to the microscopeFig.2.4.1 shows a representative section.

Fig.2.4.1: section of the top layer of the device. Scale bar=@0

Fictures were analysed through the software ImagBie height of the pillars and gapas
measured Values in pixels were converted to microns using a calibration imagaeduce the
operator-related errors, three measurements were taken for egatture, leading to a total of 27
measurements for each version of tlievice The measures were averaged, and the standard
deviation(SD)was calculated. The strafrwas calculated through equatichl.1, to verify that the
devices were able to producecampression close to th@esiredone. It should be noted that was
calculated accounting only for the geometrl features of the devices, and not for material

properties
2.4.2 Determination of the optimal actuation pressure

The actuation pressure, i.ehe pressure requiredo make the actuation membrane abut
against the pillarswas determinediusing amethod previously described by Lemme and Conficconi
[102]. Astainlesssteel coupler with an internal diameter of 0.5 mm and an external diameter of 0.7
mm was insertd into a Tygon tube (Qosina) with an internal diameter of 0.5 mm and an external

diameter of 1.5 mm. A 23 G hypodermic needle (Instech Laboratories, Inc) was inserted into the
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other extremity of the tube. The hub of the hypodermic needle was connectedltord syringe
(Terumo), and the syringe was used to aspirate nonsterile PBS into the tube. The tube was filled
almost completely, but taking care to leave a visible interface between PBS and air. The coupler was
connected to the actuation chamber throughhale specifically realized in thadevice The needle

hub was removed from the syringe and connected to a pressure regulator. A relative pressure of
300 millibars was applied to the actuation chamber forg3h minutes, in order to remove the air
bubbles present in the chamber and to fill it completely with PBS. The filling procedure was
monitored through a compound microscope with a 4x magnification.

Once all the bubbleswereremoved from the actuation chamber, the pressure was set to zero.

A hydrophobidlue dye was injected in the culture chamber using a micropipette (WPI Eagle E100).
Pressure was gradually increased from 0 to 500 millibars by steps of 50 millibars. At every increment,
a picture of the culture chamber was taken through the carmsyaneced microscope.

Images were analysed through the software ImageJ. All the images referring to the same
devicewere opened as a stackor each picture, a rectangular area inside one pillar was manually
selected and the mean grey value was measured. The mgeanvalue is a measure of the colour
intensity: it adopts an ®it scale in which 0 corresponds to black and 255 corresponds to Witite.
parameter was correlated with the displacement of the actuation membranheest conditionthe
dye filled the gg underneath the pillars, which therefore appedrblue Fig.2.4.2). As pressure
increasd, the gap tighteedand the amount of dye below the pillars diminishé\s a consequence,
the colour intensity staed increasing and the pillars appest light blue Fig.2.4.3). When the
membrane abuted against the pillars, no dye at alaspresent anymore below them, and therefore
they appeaed completely white Fig.2.4.4). A further increase in pressuiid not produce an
increase in colour intensity, which therefore readreeplateau.

The obtainedmean grey levevalues werenormalized, subtracting the colour intensity at 0
millibars and dividing by the intensity at 500 millibars. In this wayg &@D scale was create@hree
Pillar and three UniLat devices were considerBlde normalized grey valseeferring to the two
device versions were averaged aplbtted against pressur@he actuation pressure was defined as

the one in correspondence of the beginning of the plateau
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Fig.2.4.2: left: top view of the culture chambetléd with a blue dye, at a relative pressure of 0 millibars
pillars appear blue due to the dye present in the gap underneath tBeate bar 106m; right: scheme of tt
culture chamber crosgstion at rest.

Fig.2.4.3: left: top view of the culture chamber filled with a blue dye, at a relative pressure of 150 m
The dimension of the gap diminishes, so the pillars appear lightate bar 10&m; right: scheme of tt
culture chambecross sction ata relative pressure of 150 millibars.

Fig.2.4.4: left: top view of the culture chamber filled with a blue dye, at a relative pressure of 500 m
There is no more dye below the pillars, so they appear whaale bar 106m; right: scheme of theulture
chamber cross section at a relative pressure ofraiibars.
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After all themeasureshad been taken, theleviceswere cut using a razor blade, to obtain
sections with an approximate thickness of 1 mm. The blue dye was removed with a paper towel,
and a picture of each section was taken through the carmsyanected microscope, at a
magnification of 4xThe pictures wee then processed, measurg the thickness of the actuation
membranes. The values in pixels were converted to microns using a calibration ¥npgezious
study [94] on a devicesimilar to the ones used in the present work showed that a minimum
membrane thickness of 758m made the actuation pressure independent of the presence of the
hydrogel inside the culture chambérherefore since the membranes used in this work were thrck

than that minimum value, the actuation pressure was only evaluated in the absence of the gel.

2.5 Biological validation

2.5.1 Sterilizationand longterm sterility maintenance

A sterile environment is a fundamental requireménimaintainlong termin vitrocellcultures
without any contaminatios. For this reason, mrofluidicdevices instruments which could come in
contact with cellsand components necessary for the mechanical actuatiare sterilized prior to
use.Microfluidic devicesvere placed in autoclave bagSLTRA Pouch system, Amaor)l sterilized
in an autoclave (SterilClave 24 B HD, COMINOX) at 121°C for 30 minutes. Autoclave sterilization was
proven not to alterthe gas permeability and thivsngterm hydrophobicity of PDMSalthough it
mightproduce a slight increase in its mechanical propeifi&$, [108] After autoclavation, the bags
containing the deviceswere stored at 65°C oveight to allow a complete restoral of their
hydrophobicity.Before cell seeding, autoclave bags were opened in a biosafety capametthe
deviceswvere moved into sterile Petri dishes. Petri dishes guarantee atknmg maintenance ofhe
sterility of their content thanks to the tortuous path present between the dish and its cover. All the
operations requiringo open the Petri dishes and to havedaect contact with themicrofluidic
devices (e.g, culture medium change) were performeth a biosafety cabinet to avoid
contaminations.

After use, all the plasticware that came in contact with biological material was disposed in
specific containers fobiohazardous waste. All the natisposable tools (e.gscissors, tweezers)
were immersed overnight in £.5% solution oSekusept PLUSEcolab) in distilled water, rinsed

with sterilebiRA a0 A f f SR ¢ G4 SNJ 6 LJ aaSsR starilicdBadaidtéclade. n dH >
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2.5.2 Cell expansion

HACsand MSCs at passagec23 were defrosted and expanded through the following
procedure.Cryovials filled with cells suspended in dimethyl sulfoxide (DMSQO) were extracted from
liquid nitrogen tanksat -196 °C andplaced into a 37°C water bath for one minute to allow cell
thawing. At room temperature, DMSO has a cytotoxic effect, therefore the cell suspshsidrio
be quickly diluted with préneated complete medium (CM) For HACs the complete medium
consisted inHigh Gucose Dulbecca #Modified Eagle Medium (DMEMsibcot, Thermo Fisher
Scientifi} supplemented with 10% Fetal Bovine Serum (FBS, Hyclone Laboratories, Inc.), 1% Sodium
pyruvate 100 mM Gibcot, Thermo Fisher Scientific 1% 4(2-hydroxyethyl)1-
piperazneethanesulfonic acid 1M (HEPBE#cot, Thermo Fisher Scientifiand 1% PS@EO00 U/ml
Penicillin 100 pg/ml Streptonycin, 29.2 mg/ml Eglutamine in a 10 mM citrate buffeGibcot,
Thermo Fisher Scientifi¢jor MSCs, the complete medium consisted iniMum Essential Medium
h 6 ah9Gibcat, Thermo Fisher Scientifisupplemented with 10% FBS, 1% Sodium pyruvate 100
mM, 1% HEPES 1M and 1% BSter dilution, the cell suspensions were centrifuged at 1500 rpm
for 3 minutes in a HeraeusMultifuge 3SR plus (Thermo Scientifithe medium was removed in
order to eliminate the traces of DMSO, and cells were resuspended in CM supplemented with
growth factors, namely 1 ng/mI@F 1 (R&D systems) and 5 ng/ml FER&D systems) fttACs
and 5 ng/ml FGR for MSCs. Cells were plated in flasks at an initial density ranging from 5000
cells/cn? to 10000 cells/crfy and cultured at 37°C in a humidified atsphere containing 5% GO

The culture medium waplacedevery third day.
2.5.3 Device seeding

When cells reached5% ¢ 80% sub-confluency, they were detached from the flaskyg
trypsinizationand seeded into the microfluidic devices. In detail, flasks wemnptied ofthe culture
medium and washed thoroughly with sterile PBSorder to eliminate all the traces of FBS, which
would inhibit trypsin activity. PBS was removed and each flask was added with 4 ml -Eiggin
0.05% (Gibcot, Thermo Fisher Scientificbefore being incubated for 5 minutes at 37°C in a
humidified atmosphere with 5% GOTl'rypsin action was blocked by addBignl of FBSontaining
CMin each flaskCell detachment was checked using an inverted microscope (Nikon Eclipse TS100),
by verifyng the shift from a spread to a round cell morphologiie cell suspension was transferred

into a 50 ml Falca®tube (Corning Inc.and centrifuged for 3 minutes at 1500 rpm. The supernatant
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was discarded, taking care to conserve the cell pellet at thd¢obotof the tube, which was
resuspended in a known volume of Gapproximately 1 ml per million ce)ls

For cell countinga volume of10 pl was withdrawn from the cell suspension and diluted 1:1
in Trypan BluéSigmaAldrich) The obtained suspension whmdedinto a haemocytometer and
the number of living cells was counted directly through the inverted microscdpeough a
proportion, the total number of cells in suspension was estimate@ells were laden into
enzymaticallycrosslinkable andleavableeightarm PEG hydrogel®9]. In detail aliquots of cell
suspensiorcontaining 1.25*10 cells eachwere prepared in 60Ql sterile Eppendorf tubesThe
tubes were centrifuged for 3 minutes at 1500 rpm and the supernatant was carefully remaved.
order to obtain the desired density of 50*4@ells/ml, a volumeof gel solution equal to 2fl was
added to eaclcellaliquot. The gel solutiortonsisted inTris buffered saline (TBS, 50 mM, pH,7.6)
added with2% w/vPolymer precursorg stoichiometrically balancedixture of n-PEGGInand n-
PEGMMP-Ly9, 50 mmol/l ofCaGland 10 U/ml othrombin-activated factor Xlll&ach reagent was
addedsequentially to the solution and, after each addition, cells were resuspended to limit their
aggregation and avoid inhomogeneitiesickor Xllla, responsible for the crosslinking é?PBGGIN
with n-PEGMMP-Lys, was the last reagent to be adclaéter itsaddition, the cell laden gel solution
was injected into thamicrofluidic devices through the specifically designed ialddevices were
incubated for 15 minutes at 37°C in a humidified atmosphere with 5% t6@llow the complete
polymerization of the gelFor thedeviceshosting two cell constructsthis procedure had to be
performed separately for the two gel channels.this case, thé¢dACdaden solution was injected
first in the proper channel. Devices were incubated for 15 minutes at 37°C, ang tmalMSG
laden solution was injected into the proper channehe components for the PEG geéparation
were kindly provided by the Ehrbar Laboratory of Universitatsspital Zirich, where they were
producedas previously described by the same gr¢@@]. All thereagentswere kept in a box filled

with ice prior to and during use.
2.5.4 Cell culture

After the seeding phase, cells were cultured in a 3D environment for different time intervals,
namely 7, 14 and 21 day®) assess the maturation of the cell constructs and the afigf the
mechanical stimulation. Serufnee osteochondral medium (OCM) was used both HZxCsand
MSCs in single culture, and for the coculture of the two cell types. This medium consistgh in
GlucoseDMEM (Thermo Fisher Scienti#t¢ supplemented withl% HEPES 1M (GikGoThermo
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Fisher Scientific), 1% Sodium pyruvate 100 mM (Gibdbermo Fisher Scientific), 1% PSG (@&ibco
Thermo Fisher Scientific), 1% ITS+1 Liquid Media Supplemen(1106ng/ml bovine insulin, 0.55
YAk Yt KdzYly ( Nmlysadins bEditg; 50 mmtnp bovind serum albumin and 470
>3k Yt Ay 2 -Adiidd) 1% Gmad SerymAAbYtin 100x (HSACM was further added
with differentiation factors, namely 10 ng/ml T&éFo = 5 SE | Y §& K IGiy@rdphosphate
10 mM andascorbic acid 0.1 mMChondrogenic medium (CHM) was used for some controls. This
medium had the same composition of OCidit withouti -Glycerophosphate

The lateral channels of theeviceswere filled with medium through the following procedure:
first,a1.25 ml micropipette filtered tip &scut through sterile scissors, in order to enlarge the point
to a size that would fit the medium reservoirs present in the dev{®m in diameter)The tip
was presditted into one reservoir and the medium was forced to fill the whole chanmake
procedure was repeated for all the reservoirs on one side ofdiéwce then the reservoirs on the
other side were filled as well. The Petri dishes contajrthe microfluidic devices were wetted with
I n dyknpFurngizone(Amphotericin B fronStreptomycesp., SigmaAldrich) solution for the
double purpose of avoiding excessive medium evaporation and preventing mycotic contaminations.
Deviceswere incubated at 37°C in a humidified atmosphere containing 5%.@Qlture nedium
was changed every second day. Starting from day 14, the waste medium was collected and kept at

-80°C for further analyses.
2.5.5 Mechanical stimulation

After 14 days of static culture, thaevicesrequiring mechanical stimulatiowere moved into
custom modifiedd-g St f & NBOGI yAdzt  NJ RAAKSa 0¢KSN¥Yz2 { OAS
tubes connecting the devices to the pressurized air sourcegessy for the actuation, would
prevent the correct closure of the dishes, hindering the maintenance of sterility. To solve this
problem, the side of each well of the dish was punched with a 23 G needle previously heated on a
Bunsen Beak. Tygon tubes wdoeced into each hole, and the interfaces were sealed with PDMS
gaskets.The Tygon tubes connecting theside of the dishes with their outside were filled with
sterile PBSising a 1 ml syringe, armbupled to theactuation chambers of theespectivedevies
Thesyringe was removed, and tliter extremity of each tube was connectéd2 | n®HH > Y
filter (Sarstedt Filtropur S 0.2)n turn coupled toa three-way stopcock Fourstopcockswere
connected in a row, to allow the stimulation of up to fodevicesin parallel Stopcockswvere

connectedto a pressure regulator and a pressurized air soufte setup is shown iRig.2.5.1.

80



MATERIALS AND METHODS

Fig.2.5.1: mechanical stimulatiosetup designed to gijarantee the maintenal
of sterility. 1) threeway stopcocks 2) filters; 3) hypodermic needles; 4) Ty
tubes; 5) microfluidic devices.

A relative pressure of 300 millibars was applied for 45 minutes, in order to reaiofrem
the actuationchambes of the deviceand to fillthem complaely with PBSDuring the filling phase,
the devices were placeth an incubatorat 37°C in a humidified atmosphere with 5%,Ct0
guarantee optimal conditions for cell®nce the fillingphasewas complete, the pressure was set to
zero for 30 minutes, tavoid an excessive stress for ceBlspreviously developediutomated
controller [94] was inserted downstream the pressure regulatond upstream the threavay
stopcockbattery. The controller allowed to provide the devices with differantuation pressures,
stimulation frequencies and regimens. particular, the selected stimulation regimeshown inFig.
2.5.2, consisted in 2 hours of stimulation &tHz followed by 4 hours of paus@ further hours of
stimulation and 16 further hours of pauseThis regimenresembling an average daily walking
routine [95], was applied every day for a weekhe adopted actuation pressutie discussed in

section3.4.2

ile

2h 4 h 2h 16 h

Fig.2.5.2: a complete cycle of the stimulation regimatoptedfor mechanical compression
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2.6 Maturation of acalcified cartilageconstruct

A characterization of calcified cartilage constructs in single culture was perforifes.
maturation of calcified cartilage constrisdtom MSCS waassessedror this purpose, a prexisting
microfluidic platform[94] was used. The design and the functianiof this device, hereinafter
NBE ¥ SNNB R (iviere birdilar dodh¥ gh8sDEtEevicesdeveloped in the present work, with
the difference that the uKnee liba single gel channel, and therefonas capable of hosting only
one cellconstruct.

Bone marrow derivedSCs were laden in 2% w/v PEG gels at a concentrafi60*10°
cells/ml and seeded into the devices through the procedure described in se&bdh Staticculture
was carried offior 0, 7 and 14laysin OCM(see sectior2.5.4), to assess theapacity of bone marrow
derived MSCs to differentiate into hypertrophic chondytes and to produce a mature calcified
cartilage constructMatrix deposition and gene expression were studied at the different time points.
n =9 biologically independent samples from N = 3 different donors were consid€hedoutline of

the experiment$ shown inFig.2.6.1.

DEVICE SEEDING

@ EXPANSION °

ANALYSIS:
-Calcein staining
-RT-qPCR: COL1A1, COL2A1, ACAN, COL10AL, IHH, ALPL, BGLAP, IBSP, FRZB

STATIC STATIC
CULTURE ° CULTURE @ STOP

Fig.2.6.1: outline of the experiment performed to assess the development of a n
calcified cartilage construct.

Phase contrast images of tlieeviceswere taken every second day as described in section
2.11.] to assess tissue maturation and the overall cellular stagposition of calcium deposits was
furthermore confirmed throughCalceinstaining as described in sectich11.2 MSCs cultured in
CHM were used as negative contrdBene expressiorat the different time pointswasanalysed
through quantitative reverse transcriptiopolymerase chain reactiorRFgPCR), as described in
section2.11.3 Thefollowing genes were analyséd assess tissue maturation

1 COL1A1, encoding for Collagen typdpha 1 chain, used as a marker of anabol35j.
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1 COL2A1, encoding for Collagen tyjspha 1 chain, used as a marker of chondrogenesis and
of chondrocytespecificanabolism95].

1 ACAN, encoding for Aggrecan, a marker of chondrogeftsgis

1 COL10A1, encoding for Collagen typaliphia 1 chain, a protein expressey bypertrophic
chondrocyteq20].

1 IHH, encoding for the Indian Hedgehog protein, a marker of chondrocyte hypertfbpajy

1 FRZB, encaulg for the Frizzledelatedprotein, a Wnt antagonist which inhibits chondrocyte
hypertrophy[110].

1 ALPL, encoding for the tissmenspecific Alkaline Phosphatad@LP) a marker of
mineralization and bone formation.

1 BGLARBone Gamm&Carboxyglutamate Protejnencoding for Osteocalcin, a marker of
bone formation.

1 IBSP(Integrin Binding Sialoprotejnencoding for Bone Sialoprotein 2, a marker of bone

formation.

2.7 Effect of cyclic hyperphysiological compression on tlalcified

cartilageconstruct

The effect ofcyclic hyperphysiological compression on calcified cartilage constructs was
assessedBone marrow derived MSCs were laden in 2% w/v PEG gels at a concentration &f 50*10
cells/ml and seeded intoKneedevices through the procedure described in sectibh.3 Static
culture was carried offior 14 daysin OCM(see sectior2.5.4). Mechanical stimulation was started
at day 14 as previously described in sect®hs.5 anddynamic culture wasarried onfor 7 days
until day 21 Briefly, the stimulation regimen consisted in 2 hours of 30% compression at 1 Hz,
followed by 4 hours of pause, 2 further hoursstimulation and 16 further hours of pause. Static
controls were cultured for 21 days and their gene expression was compared to the aedl of
constructssubjected to mechanical stimulation.= 9 biologically independent samples from N =3
different donois were considered.

The followingpool of genes waanalysed through RGPCR as described in sectiil.3 to
guantify the effect of cyclic hyperphysiological comegsion on cell constructs:

1 COL1A1, as a marker of anabolism.

1 COL2A1, as a marker of chondrogenesis.
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1 ACAN, as a marker of chondrogenesis.

1 MMP13, encoding fomatrix metallopoteinase 13, used as a marker of catabol[9%i.

1 CXCL8(GXC Motif Chemokine Ligand),8encoding for Interleukif8, a marker of
inflammation[95].

1 COL10A1, as a marker of hypertrophy.

1 IHH, as a marker of hypertrop.

1 GREM1, encoding for the protein Gremlinl, which inhibits chondrocyte hypertrophy and acts
as a BMP antagonistinthe TGF & A 3y I f Ay LI G Ko &

1 DKK1, encoding for Dickkerglated protein 1, a Wnt antagonist used as a marker of

hypertrophy inhibition[110].

FRZB, as a marker of hypertrophy inhibition.

ALPL, as a marker of mineralization.

BGLAP, as a marker of bone formation.

IBSP, as a marker of bone formation.

= =2 =/ = -

LECT1(Leukocyte cell derived chemotaxin), lencoding for Chondromodukb, an
antiangiogenic factor which contributes to keep cartilage avas¢aigr
Qulture medium was changed every second day for the whole duration of the experiment, and
phase contrast images of thaeviceswere taken every second day as described in se@idd.1

An outline of the experiment is shown kig.2.7.1.

DEVICE SEEDING STIMULATION

!

DYNAMIC

o CULTURE
EXPANSION STATIC CULTURE STOP
0 STATIC

CULTURE

ANALYSIS:

-RT-gPCR: COL1Al, COL2A1, ACAN,
MMP13, CXCL8, COL10A1, IHH, GREM1,
DKK1, FRZB, ALPL, LECT1, BGLAP, IBSP

Fig.2.7.1: outline of theexperiment performed to assess the effect of cyclic hyperphysiological comg
on thecalcified cartilageonstruct.
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2.8 Biological validation of the strain produced by the device

The strain produced by the newly developed devices was validated. Bonewndarived
MSCs were laden in 2% w/v PEG gels at a concentration of &tl€ml, and seeded into a UniLat
device, in the channel designed to host calcified cartilage. The other gel channel of the device,
designed to host hyaline cartilage, was fillethwa 2% w/v PEG gel without any c€llse injections
were performed through the procedure described in sect®$.3 Static culture was carried on for
two weeks in OCM(see sectior?.5.4). At day 14, mechanical stimulatioras startedas described
in section2.5.5 andprotractedfor one further weekGene expression at day 21 was compared to
the one of constructs cultured for three weeks in static conditions, to verify that the unwanted strain
induced by the UniLat device in the calcified cartilage construct (discussed in s&®iaid not
induce phenotypical changes.

Another experiment was performed to validate the stramoduced bythe Pillarversion of the
device. HACswere laden in 2% w/v PEG gels at a concentration of 50¢é&lls/ml, and seeded into
uKnee deviceand inboth gel channels of a Pilldevice.The injections were performed through
the procedure described in sectid5.3 Static culture was carried on for two weekQ&M(see
section2.5.4). At day 14the Pillar device andhe uKnee devicavere subjected to mechanical
stimulation as described in sectidh5.5 and cultured in dynamic conditions for one additional
week Constructs cultured in static conditions up to day 21 were used as corfBelse expression
at day 21 was compareainongthe three experimental groups.

DEVICE SEEDING STIMULATION

!

DYNAMIC

@ CULTURE
EXPANSION STATIC CULTURE STOP
@ STATIC

CULTURE

ANALYSIS:
-RT-gPCR: ACAN, MMP13, CXCLS8,
COL10A1, IHH, GREM1, FRZB

Fig.2.8.1: outline of the experiments performed to validate the compression levels produtiee dgvice:
For both the experimentsACANMMP13, CXCL8, COL10Al, IHH, GREMILFRZB~ere
analysed through RGPCR, as described in sectibfl.3 n = 3 biological samples from N = 1 donor
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were considered for each experimental conditi@ulture medium was changed every second day

for the wholeculture period An outline of the two experiments is shownHig.2.8.1.
2.9 Development of a healthy osteochondral cell construct

The development of a mature healthy osteochondral cell constwat assessed in the newly
developed devicesHACs and bone marrow dertdvdMSCs were laden in 2% w/v PEG gels at a
concentration of 50*10 cells/ml and seeded into the devices through the procedure described in
section2.5.3 Wall and Pildlr deviceswere used to generate the osteochondral constsjah order
to analyse which device version provided the best interface between hyaline and calcified cartilage.
Single culture controls (i.eseeded with MSCsnly or HACs only) were consideréd assess the
effect of coculture Static culture was carried on fOr 7 or 14 days OCM(see sectior2.5.4. ECM
compositionand tissue maturation weranalysed through immunofluorescence, as described in
section2.11.4

Gene expression at day 0 and day 14 was analysed threiigPCR, as described in section
2.11.3 ACAN, COL10A1, ALPL, and IBSP were analysed. Tthectois be analysed by RJPCR
were generated usinddACs modified to express green fluorescent protein (@BSP)reviously
described[111], instead of normal HACdnzymatic digestion and fluoresceneaetivated cell
sorting (FACSYere performed on the osteochondral construgisor to RFqPCR, to separate HACs
and MSCslerived hypertrophic chondrocytes. In detail, devices were emptied frdimreumedium
at the end of the culture period and washed with sterile PBS. The bottom layer and the actuation
membrane were peeled off, exposing the cell constructsl.B% solution of Collagenasdl
(Worthington Biochemical Corporatipin DMEM (50% DMEMonly + 50%CM, composed as
described in sectio.5.2 was preheated at 37°C. Constructs were scraped using a micropipette tip
YR RA&a&2ft OSR A ySampies weretleft 899 miduket 32°€ dnamilokbRayshaker
(Labnet GyroTwister), and vortexed vigorously every 15 minutes. After the dige&tion, of>CiV
were added to the samples to neutralize Collagenaaenf#es were centrifuged at 1500 rpm f8r
YAYydziSazZ yR ¢F&aKSR ¢AGK oflmMEDTA (Syfaldach)/afd 2% dzF F S
FBS in PBS. Another centrifugation (1500 rpm for 3 minutes) was performed, then the samples were
incubated with 300> f TpEIREDTA 0.05%0r 2 minutes. Two m@ washing steps with FACS
buffer were performed, and samples were centrifuged at 1500 rpm for 3 minutes after each step.
Samples were moved into FACS tulléaslcor®5ml polypropyleneround-bottom tubes, Corning
Inc.), and sortedbased on GFRxpression using .5 C! /] SORRAE fof MEAs laden
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hydrogel were subjected to the same procedure and useddefine the GFegative population
duringsorting.

Qulture medium was changed every second day for the whole duration of the experiment, and
phase contrast images of tlieviceswere taken every second day as described in se@iafh.1 n
= 6 biologically independent samples from N = 2 MSCs donorsian@l biologically independent
samplesfrom N = 1 HACs donor wemdnsidered for gene expression analysis. outline of the

experiment is shown ifig.2.9.1.

DEVICE SEEDING

@ EXPANSION o

ANALYSIS:
-Immunofluorescence: Collagen type I, Aggrecan, DAPI, Osteolmage
-RT-qPCR: ACAN, COL10A1, ALPL, IBSP

STATIC STATIC
CULTURE ° CULTURE @ STOP

Fig.2.9.1: outline of theexperiment performed to assess the development of a he
osteochondral cell construct.

2.10 Effect of cyclic hyperphysiological compression on the

osteochondral construct

The effect of cyclic hyperphysiological compression on osteochondral cell corssivast
assessedGFPexpressingdACs and bone marrow derived MSCs were laden in 2% w/v PEG gels at a
concentraton of 50*1C cells/ml and seeded into the devices through the procedure described in
section2.5.3 UniLatand Pillardeviceswere used to generate the osteochondrnstructs. uKnee
deviceswere seeded either with MSCs BIACsand used as single culture controls. Static culture
was carriecon for two weeks irOCM(see sectior?2.5.4). Mechanical stimulation was started at day
14 as previously described in sectdb.5 and protracted until day 25tatic controls were cultured
for 21 days and their gene expression was compared to the one of cell constructs subjected to
mechanical stimulatiorCulture medium was changed every second day, and phase contrast images
of the deviceswere taken every secahday as described in secti@nll.1 Gene expressiofor the

different experimental conditionsvas analysed through RJPCR, as described in secti®il.3
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Osteochondral constructs were subjected to enzymatic digestion F#® to RTFgPCR,as
described in sectior2.9. FRZB MMP13 and CXCL8 were analysed for the hyaline cartilage
compartment while FRZB, BGLAP and ALPL were considered for the calcified cartilage
compartment Gene expression of constructs subjected to mechanical stimulation was normalized
to the one ofconstructs belonging to the same experimental gréug.,coculture or single culture)

but cultured in static conditions1 =6 biologically independent samplésom N = 2 MSCs donors
andn =6 biologically independent samples frdsh= 1 HACs donor weamalysedFig.2.10.1 shows

an outline of theexperiment.

DEVICE SEEDING STIMULATION

y

DYNAMIC

@ CULTURE
EXPANSION STATIC CULTURE STOP
0 STATIC

CULTURE

ANALYSIS:
-RT-gPCR: MMP13, CXCL8, FRZB, BGLAP,
ALPL

Fig.2.10.1: outline of the experiment performed to assess the effect of cyclic hyperphysiological com
on theosteochondratonstruct.

2.11 Biological analys

2.11.1Phase contrast microscopy

Phase contragtnages of thenicrofluidic devicesvere taken every second daring culture
to assess tissue maturation and the overall cellular stéke Petri dishes containing the microfluidic
devices were extracted from the incubatandpictures of the constructs at a 4x magnification were
acquired througha cameraconnected to a phase contrashicroscope(EVOS XL Core, Life

Technologies).
2.11.2Calcein staining

Gonstructscultured inOCM or CHMvere stained with Calcein, to assess the formatdn
calcium deposits in the ECI pg/ml of Calcein (SigmAldrich) was added to the culture medium
at day 5, 8 and 12 of static cultuiBevices were incubated with Calcesontaining medium for two

days. At day 7, 10 and 14 the medium was removed, amicds were rinsed with fresh Calcein
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free medium. 4x and 10x images of ttheviceswvere taken using a Nikon Eclipse Ti2 microscope and
the Nikon NISElements acquisition software. A 488 nm wavelength was adopted to excite Calcein.
The fluorescent signal wadetected and superimposed on a brightfield image of the cell construct.
The same exposure time was used for samples cultur€dnM and CHMand the intensity of the

fluorescent signal was compared between the two experimegtalips
2.11.3Gene expression alysis

RTFgPCR was used to quantify the changes in gene expresslonedby tissue maturation

and mechanical stimulation. At least= 3biologically independent samples were considered for

each donor and experimental condition (j.different time points and stimulation conditions). The

whole process consisted in threkstinct phases, namely RNA isolation, reverse transcripoml

the propergPCRanalysis

i.  RNA isolation: at the end of the culture period, the devices were emptied from the culture

medium and washed with sterile PBS. In detail, the culture medium was removed from each
reservoir using a micropipette. The reservoir at om&emity of each medium channel was
filled with PBS, while the reservoir at the other extremity was left empty. PBS, driven by the
hydraulic head, filled the whole channel, washing away the residual culture medium. After
one minute, PBS was completely aapd with a micropipette. The bottom layer and the
actuation membrane of each device were peeled off, exposing the cell constructs. A 1.5 ml
Eppendorf Saf¢ 2 01 §(dzo S O2y dFAyAy3 nnn -Adiich)avls ¢ NR |
prepared for each samplenl >f 2F ¢NRAT 2f HSNB LIALISGEGSR
channel of the device, and cell constructs were mechanically disrupted using the tip of the
pipette. The obtained cell homogenate was transferred back to the Eppendorf tube. The
procedure was repated on the membrane side of the actuation chamber, to retain possible
cell construct residues. The tubes containing the samples were vortexed for 15 seconds using
a VortexGenie 2 (Scientific Industries, In@ahd centrifuged for 10 minutes at 12000g and
nc/ AY 1 SNI Sdzan . A2 7T dz3 Smpe\BeieOeft atdrooknS NI 2
GSYLISNI GdzZNE F2NJ p YA ydzi S a sAldnct) $efe addedito each 2 F
tube. The tubes were shaken for 15 seconds before undergoing a resting period aftdsnin
at room temperature. Another centrifugation step, 12000g at 4°C for 15 minutes,
determined the separation of the solution into three distinct phases: an organic phase at the

bottom of the tube, containing proteins and lipids; a thin interphase, ndbNA; an agueous
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phase at the top, containing RNA. The latter was carefully aspirated through a micropipette,
and transferred to a new P@iean EppendorfSafe 2 O] (G dz0S® wnn >t 27F
9a{!w9tuv FYR m >f 27F 3f & @&xcdafded to saehQ&aple, SoA | Ty
induce RNA precipitation. The tubes were shaken for 15 secdredsre undergoing a

resting period of 10 minutes at room temperature. Another centrifugation step was
performed, at 12000g and 4°C for 10 minutes. A pellet waBlgiat the bottom of each tube

at the end of this process. The supernatant was discarded, taking care to conserve the pellet.
The pellet was washed with 1 ml of 70% ethanol in MjlWater, and the solution was
centrifuged at 12000g and 4°C for 5 minsitd he washing procedure was repeated twice,
GKSYy GKS adzZlSNy Il GFlyd éFa NBY2OSR FyR (KS
DNase/RNas& NB5S 4 GSNJ 6%eY2 wSaShkNOKO® amalysed 2 F
through a Nanodrop One spectrophotomet&r K SN2 { OASYGATFAOu 0L & ¢ K
guantified the concentration of nucleic acids in the samples, as well the presence of protein
FYR LIKSy2t O2yidlYAylrdGAz2zyao 't GKS al YLX Sa
diluted with DNase/RNaskeeg G SNE (2 | OKAS@S | FAylLf 02y
Reverse transcription: the SuperScript lll Reverse Transcriptase Kit (Invitrogen) was adopted
to retrotranscribe RNA to complementarydeoxyribonuclei@cid (cDNA. In detail,a0.2 ml

PCR Performanceedted tube (Sarstedt, IncasLINBS LJF NER F2NJ S| OK al Y
N} YR2Y LINAYSNER ¢la LALSIGGSR Ayid2 SIF OK §dz S
each sample and added to the respective tube (in case the samples were not previously
diluted, thisvalue represented the whole volume of the solutioBamples were incubated

with primers at 70°C for 10 minutes to straighten RNA, thiegt wereput on iceimmediately

after to prevent refolding. During the incubation time, the Master Mix for the Reverse
CNI YAONRLIIFaAaS wSFEOGA2Y 41 & LINBLI NBR® ¢KAA
O0{ dzZLISNEONALII LLL wHnan ! k> ffice valerdzyindNEess@S)y D = 1 ¢
>f 2F Rb¢t O6RS2E&ydzOf S22 (A RS -StiaNdBuiferSa (hoksenti S & 0
Ay GKS 1{AG0 FYyR m >f 2F 5¢¢ O65A0KA20KNBAG?2
sample. The Master Mix was added to the samples, andseueanscription was performed

through a Veriti 9éwnell Thermal Cycler (Applied Biosysten&mples were subjected to a
thermal program consigtgin 10 minutes at 25°C, 60 minutes at 50°C and 15 minutes at

70°C. The obtained cDNA was storeelfit°C oused immediately for qPCR.
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iii.  Quantitative reatime PCR: assays for gene expression quantification were prepared4in a 96
gStt t/w LIEFGS 6{FI NBEUOSRGEZ LYyOdO® LYy RSOFAT:
CAAKSN)I { OASYUGAFTAGHONE S opl PINIZFY B b BB kwih | &5
formulated mixture of primers and fluorescent probes, specific for each gene of interest)
GSNB LALISGGSR Ayili2z SIFIOK ¢Sttd n >f 2F O5b!
plate was sealed with a gdtic cover, centrifuged at 2000 rpm for 1 minute and placed into
a 7500 Fast Redlime PCR System (Applied Biosystems), where it was subjected to 40
thermal cycles of 15 seconds at 95°C and 60 seconds at 60°C. A threshold level for
fluorescence was impose and the threshold cycle (i,ethe thermal cycle at which the
fluorescent signal reached the threshold level) was measured for eactExptession levels
of the genes of interest were normalized to the housekeeping gene glyceraldéhyde
phosphate dehgirogenase (GAPDH)herelativegene expression was calculated as:

G C 2111

where CgappHs the threshold cycle for GAPDH andi€the threshold cycle for the gene of

interest. Two wells were considered for each sampled the results were averaged. Excel

2019 (Microsoft Corporationand GraphPad Prism 8 (GraphPad Softwarefe used for

data analysis.
2.11.4Immunofluorescence

Immunofuorescence was used to assess the maturation of the cell constAtdise end of
the culture period, the culture medium was removed from each resenfdine considered devices
using a micropipette. The reservoir at one extremity of each medium chaveeefilled with PBS,
while the reservoir at the other extremity was left empty. PBS, driven by the hydraulic head, filled
the whole channel, washing away the residual culture medium. After one mialitie reservoirs
were completely emptied, and the saoes underwent fixation. A 4% solution of buffered formalin
(Formafix Switzerland AG) was injected into the reservoir at one extremity of each medium channel.
due to the hydraulic head, formalin filled the whole channel washing away the residual PBS. After
one minute, the reservoirs were completely emptied and filled again with clean fornainces
were placed at 4°C overnight to allow the proper fixation of cell constructs.fllueving day,
medium channels were washed with PBS, through the same puoeqareviously used to wash
away culture medium. After the washing stepetbottom layer and the actuation membranetbgé

devices were peeled offdirectly exposinghe cell constructgo the staining solutions
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Gonstructs underwent @ermeabilization procedure. A 0.5% v/v solution of Trito&100for
molecular biology(SigmaAldrich) in PBS wagipetted onto the samplesand left there for 10
minutes.A blocking solutionconsisting in PBS added witt3% v/v Twee®20 for molecular wlogy
(SigmaAldrich) and 3% v/v goat sery was preparedThesolution was vortexegbrior to use,to
allow the complete solubilization of the componentBhe blocking solution was pipetted onto the
samples and left there for 45 minutes at room temperaturee monoclonal antibodies mouse anti
human ollagen Il IgG2a (Abcam, ab185430) amabuse anti-human AggrecangG1l (Abcam,
ab3778) were diluted in the blocking soluticat a concentration ofl >g/ml. The primary antibody
solution was pipetted onto the sapfes, which were placed at 4°C overnight. Tolkowing day,
samples underwent two washing steps witie blocking solution, each one lasting 10 minutes. A
secondary antibody solution was prepared, adding the blocking solutionAlétka Fluor 546 goat
anti-mouse IgG1lIKvitrogen, Thermo Fisher Scientjfand Alexa Fluor 647 goat aatiouse 1gG2a
(Invitrogen, Thermo Fish&cientifig, at a concentration 010 >g/ml. Samples were incubated with
the secondary antibodies for 60 minutes at room temperature, and covered with an aluminium foil
to prevent fluorophorebleaching After the incubation, a 10 minutes long washing step whi
blocking solution was performe@& 300 nmol/IDAPI (4',&iamidino2-phenylindole SigmaAldrich)
solution in PBSvas added to the samplesind left there for 30 minutes, to stain cell nuclei.
Subsequently, the constructs were stained with Osteolmadéineralization Assay (Lonza), to
assess he deposition of hydroxyapatite crystals. A washing solution (uAO solution of
Osteolmaga Wash Buffer in MilQ water), and a staining solution (1:1Q8@v solution of
Osteolmaga Staining Reagent idsteolmaga Dilution Buffe) were preparedTwo waing steps
with the washing solutiorwere performed,each one lasting 5 minutes. Afterwards, the samples
were incubated with the staining solution for 30 minutes at room temperature. Three more washing
steps were performed, then the washing solution wasowed and the samples were conserved
in PBS.

Confocalaserscanningmicroscopy(CLSMyvas used to detect the fluorescence throughout
the thicknes=f the construck. Samples weregposed on a microscopy glass slide and placed under
a confocalmicroscope (Nikon A1R). Proper excitation wavelengths were adopted according to the
employedfluorophores. Images at20x magnification were taken using the Nikon MHEmMents

acquisition softwee.
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2.12 Statisticalanalysis

Distribution normality was tested for each data group using Shaitk test and
KolmogorovSmirnov test. Data were considered as noroway if they passed both tests. Unpaired
t-tests were performed to comparevo data groupqi.e. two experimental conditionsin case of
normal distributions, while MamWwWhitney tests were performed in case of nroormal
distributions. An ordinary ongvay ANOVAest with multiple comparisonsvas performed to
compare three or mee data groups with normal distributions, while KrusWéllis testandDunn's
multiple comparisons testwere used to compare three or more narmal data groupsThe

significance level for all tests was p < 0.88.the analyses werperformed usingthe software

GraphPad Prism 8.
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3 RESULTS

Results of the design process, the computational analysis, the production and characterization
of the devices, and their biological validation are presented. First, the device design was optimized,
anda finite element model waadoptedto evaluate the strain field within cell constructs. Secondly,
the devices were produced and characterizedgtmrantee their proper functioning angerify the
accuracy of the fabrication process-inally, the devices ave used to generate mature
osteochondral cell constructs and to assess the effect of cyclic hyperphysiological compression on

the constructs.
3.1 Designof the microfluidic device

The final design of the device is showrkFig.3.1.1.

Fig.3.1.1: A) exploded view of the three layers composing the defdeail of a singldunctional unit
composed of aculture chamber and raactuation chambe); B) 3D view of the assembled dey,
comprisinghreeflankedfunctional units C)detail of the section of the culture chamber and the actus
chamber;D)top view of the assembled device
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3.2 Computational analysis

The implemented finite element models of the device provided an evaluation of the strain
field within the cell constructs.

Fig.3.21 shows the results of the simulation for tlegmmetricdevicein terms of nominal
strains.In the calcifieccartilage constructhe strain along the Z direction (NE3®@)d amedianvalue
of -275%. The strain was homogeneduslistributedin the whole region, as testified by a 75
percentile value 0f28.4% and a 28 percentile value 0f26.8% Thehyaline cartilage construstas
slightly more compressed, being subjected to adima strain 0f31.3%. Here too, the deformation
was homogeneous (¥5percentile value 0f31.6%, 2% percentile value 0£30.1%).As regard the
strain along the X direction (NE1peaks with a maximuwalue of 22.1% were found in the regions
close to theopeningsbetweensubsequenpillars, indicating an unwanted lateral expansion of the
hydrogels. However, NEltaslow in most of the bulk volume: its nadgan value was0.8% in the
hyalinecartilage construcand 1.7% in the calcified¢artilage one and the interquartile rangéQR,
defined as the difference between the 7%nd the 2% percentile)was2.0% and 24%in the two
compartments respectivelyThe strain along the Y directigNE22) was negligible within both the

constructs with a mealian value of AL%and an IQR 010.6%
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Fig.3.2.1: A) deformed configuration of th@mmetricdevice The pillars and the membrane
coloured in green, the hydrogels in blue. Galeified cartilage construct @ the right, thehyaline
cartilageone on the leftB) contour plot of the strain along the X direction within the hydrc
C) contour plot fthe strain along th& direction within the hydrogej®)contour plot of the strai
along the Z direction within the hydrogels.

Fig.3.2.2 shows the results for the asymmetraonfigurationof the device In the hyaline
cartilage constructNE33ranged from-24.6% in the region close to the central pillar,-88.4% in
the regionin proximity of the lateral pillar. The rd@n strain was30.2%, the 2% percentile value
was-26.7% andthe 75" percentile valuevas-31.2%. Thestrain in thecalcifiedcartilage construct
waslower, with a median valueof -17.4%. Here tooa gradientwaspresent, with strails ranging
from -4% t0-25.9% Ideally, the calcifiea¢artilage construcshould have been subjected to a zero
strain along the Z direction. However, PDMS, although stiffer than the PEG hy@ogeinfinitely
rigid. Therefore, the mechanical stop providey the pillars towards the membrangasdifferent
from the ideal one, and a certain amount of strain iasnd to bepresent in the calcifiedartilage
construct too. The strain along the X direction hadnedian value 00.4% for thehyaline cartilage
construct Peaks with a maximum value 2f.6% were found in the regions close to tbpenings
between pillars, indicating an unwanted lateral expansion of the hydrogel. However, NEldwwvas
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in most of the region, as testified by a'7percentile value ofl.4%.The calcifiectartilage construct
was almost perfectly confined by the pillars, besuipjected to a strain along the X direction with a
median value of 01% and a IQRof 7.4%. NE22was found to be negligible within both the

constructs with a malian valueof 0.1%, a 2% percentile 0f-0.1% and a 78 percentile 0f0.4%.
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Fig.3.2.2: A) deformed configuration of thessymmetricdevice The pillars and the membrane
coloured in green, the hydrogels in blue. Thleified cartilage constructi the right, thehyaline
cartilageone on the leftB) contour plot of the strain along the X direction within the hydrc
C) contour plot fithe strain along thé'direction within the hydrogej$)contour plot of the strai
along the Z direction within the hydrogels.

Fig.3.2.3 shows themedian vertical displacement of the bottom surface of the hydrogels in
the two device configurationsChe left part of the graph referto the hyaline cartilage construct
the right part to the calcifiedartilageone. For thehyaline cartilage constructhe displacement of
the bottom surface was#8+2.1>Y Ay (KS &d& Y V¥BAaieaF RYONES [HyaER Y
device(median + IQR)Thee was nadifference between the two configurations the region close
to the lateral pillars, while in the central region the di@n displacement in the symmetric
configuration was5.3>Y KA 3IKSNJ GKIy GKFEG Ay GKS FaevySi
cartilage construct the displacement of the bottom surface wa80+25>Y Ay (KS ag&y
device and250+149>Y Ay (KS | & &TNevigiaNdisplacdnBr@ih D& spmmetric
configuration wa.9>Y KA IKSNJ G0KIy GKFG Ay nth&@ntral gegonyY S G NJ

and28.2>Y KAIKSNI Ay (GKS NB3IA2y Ofz2asS G2 GKS t1F 4GS
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Fig.3.2.3: medianvertical displacement of theottom surface of théaydrogels in th
symmetric and asymmetric configuration of the device. The left part of the
refers to the hyaline cartilage construct, the right part to the calcified cartilage
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Theresults of thesimulations performediarying the Young modulus of the calcifeattilage
constructare shown inFig.3.24 and Fig.3.25. The variations only affected the strain within the
calcifiedcartilage constructwhile the deformation field within théyaline cartilage oneemained
almost unchangé. A reduction in the Yiang modulus produced an increase in tkertical
displacement of the bottom surface of the calcifiedrtilage constructFor thesymmetricdevice
the displacementvent from 39,0+ 2.5> Yfor E = 200 kP 48.5+2.3> Yfor E =100 kPamedian
+ IQR) For the asymmetric devicéhe displacementvent from 250 £14.9 > Yfor E = 200 kPt
34.6 +14.9> Yfor E =100 kPa
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Fig. 3.24: medianvertical displacement of thbottom surface of the calcifit
cartilage construct in theymmetric (A) and asymmetric (B) configuration of
device, obtained by varying the Young modulus of the material.
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A higher displacement determined an increase in tidesolute value ofNE33 For the
symmetricconfiguration of thedevice the median strainwas-27.5% for E= 200 kPa;30.1% for E =
150 kPa,-33.8% for E = 100 kPa. The'2percentile values were26.8%, -29.8% and-32.6%,
respectively, while the #5percentile values were28.4%,-30.% and-34.2%, respectivelyFor the
asymmetricconfigurationof the device, the medianvalue was17.4% for E = 200 kPd,9.8% for E
= 150 kPa;22.7% for E = 100 kPa. The'2percentile values werel1.6%, -13% and-14.9%,
respectively, while the #5percentile values were23.5%,-25.9% and-28.6%, respectivelyNE11
and NE22vere almost unaffected by the changes in the Young modulus (data not showeall
a 100%increase in the stiffness resulted inl8.6%decrease in thaneanstrain for thesymmetric

deviceand a23.3% decrease for thasynmetric one.
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Fig.3.2.5: contour plots of the strain along the Z direction within the calcifi@dilage constructobtained b
varying the Young modulus of the materi&). Symmetric device, E = 100 kPa; B) Symmetric device,
kPa; C) Symmetric device, E = 200 kPa; D)meatyio device, E = 100 kPa; E) Asymmetric device, E =1
F) Asymmetridevice E = 200 kPa.
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3.3 Device production

Fig.3.3.1 shows a picture of a representative microfluidic device, comprising three biologically
independent cultue chambersand asingleactuation chambewith three compartmentsinlets for
the gel channels and the actuation chamber are highlighteced and yellow, respectively, and

reservoirs for culture mediumm blue

Fig. 3.3.1: picture of a representative ierofluidic device. Red arrows indic
inlets for gel channels, blue arrows indicate culture medium reservoirs, &
yellowarrow indicates the access to the actuation chamber.

3.4 Device characterization

3.4.1 Geometrical characterization

Sections of the devices were cut and analysed to verify the correspondence between the
actual dimensions of the microfeatures and the nominal ofs. height of the pillars and the gap
wasmeasured and used to calculate th@mpression level produced by the devicBesults for the
three different versions of the device are reportedrig.3.4.1. Compression levels were equal to
30.3%+ 2.2%, 29.7% 2.8%and 31.3%t 2.2% forPillar, Wall and UniLatlevices respectivelyln
the latter case, only the hyaline cartilage compartment was considered, since there were no gaps
underneaththe pillars in the calcified cartilage compartmenlone of these values was significantly

different from the target compression level, set t0%0
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Fig.3.4.1: compression levels produced b tthree different versions of the microfluidic device, comg
to the target value; n = 9 sections from N = 3 devices were considered for each versionni/|&&ha
reported. Statistical significance was determineddbyinary oneway ANOVA tesaind Dunett's multiple
comparisons tesfnormal distributions). The significance level was p < 0.05.

3.4.2 Determination of the optimal actuation pressure

The optimal actuation pressure was obtained experimentabthyrelating the displacement of
the actuation membrane and the colour intensity adye filling the culture chamber of the devices.
The results, reported ifrig.3.4.2, referto n = 3Pillar devices anth = 3UniLat devices, with a
membrane thickness of &7+ 133 >m. Such thickness guaranteed the actuation pressure to be
rather independent of the presence dhe hydrogelwithin the culture chamberThe optimal
actuation pressure was defined as the acwrespmding tothe beginning of the plateain colour
intensity, i.e., the lowegbossiblepressureresulting inamean normalized grey level above/990.
Values of 300 and 400 millibars were found for Pillar and UniLat devices, respeétivalytuation

presaire of 400 millibars was therefore adopted for all subsequent experiments.
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Fig.3.4.2: relation between the apd pressure and the normalized grey level for Pillar and UniLat de
n = 3 devices were considered for each version. Mean and SD are reported. The optimal actuatiol
(red line) was defined as the one corresponding to the beginning of the plateau in the normalized gt

102



RESULTS

3.5 Maturation of acalcified cartilageconstruct

The developmentof MSCslerived calcified cartilageonstrucs wasassessed. Bone marrow
derived MSCwere culturedup to 14 days in static conditions in uKnesvites, and theicapacity

to differentiate into hypertrophic chondrocytes and produce a mature constwas evaluated.

Fig.3.5.1: phase contrast images dfi¢ cell constructs at different time points: A) day 0; B) day 7; C) ¢
Scale bar 106m.

Composite

Brightfield Composite

Fig.3.5.2: brightfield images and Calceitaming of constructs cultured in OCM (A) and CHM (B). Pi
were taken at day 14. Scale bar 1880.
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Fig.3.5.1 shows three representative phase contrast images of the cell constructs at different
time points, namely day 0, day 7 and day dffer seeding At day Q cells exhibited a round
morphology which became more elongated day 7 and day 14CM was totally abseat day O,
while it was visible alater time points At day 14,phase contrast images of the cell constructs
displayeddark spots and homogeneous dark areahough their extent had a certain inteand
intra-donor variability These areas resulted positif@ Calcein(Fig.3.5.2 A), demonstrating that
MSCgultured in osteochondral mediunvere able to produce aalcifiedmatrix. On the cofrary,
Calcein staining was negative féretsample cultured in chondrogenic medipapartfrom some

impurities(Fig.3.5.2 B).
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Fig.3.5.3: expression levels oélevantgenes at day 0, day 7 and day 14, relative to the expression of G
n = 9 biologically independent samples from N = 3 different donors were analysed. Mean and SD are
Statistical sigificance was determined truskalWallis tess and Dunn's multiple comparisons tegnon
normal distributions). * p < 0.05, ** p < 0.01, *** p < 0.005.

Assumption of a calcified cartilage @motype was also assessed by gene expression analysis.
Results relative to n =9 biologically independensamples fromN = 3 different cell donors,are
shown inFig.3.5.3. The expression of aggrecan and the ratio betw#enexpression of collagen
type Il and collagenype | were significantly higher at day & compared to day 0, demonstrating
the capacity ®MSCs to differentiate into chondrocytes and produce cartilaginous const@enes
associated with chondrocyte hypertrophy, namely IHH and COL10Al1, were also strongly
upregulated. A slight downregulation of these genes was visible from day 7 to daghbtigh not
statistically significant. This downregulation was present in a single cell donor, while the expression

of hypertrophic genes in the remaining two donors was monotonically increasing during the whole
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maturation period.On the other hand,he expression of the hypertrophy inhibitor FRZB was not
modulated, and remained close to the basal level both at day 7 and déyr Bl donos. ALPLa
marker of mineralization, was significantly higher at day 14 compared to day 0O, confirming the
results obtined by Calcein stainingmong bone markerdBSRvas strongly upregulated at day 7
and day 14 with respect to day 0, whB&LARId not show any modulatiaa For all the considered

genes o significant changes were fourmktweenday 7 and day 14.

3.6 Effect of cyclic hyperphysiological compression on the calcified

cartilage construct

Once verified the maturation afalcified cartilageonstructs, the effect of hyperphysiological
compression waassessedResults in terms of gene expression are reportedrig.3.6.1. A highly
donor-dependent behaviour was observedhe hypertrophy inhibitor FRZB was signifita
downregulated (5.50ld) in the constructs subjected to mechanical stimulation, as compared to
static controls. The other considered hypertrophy inhibitors (GREM1 and DKK1), as well as the
hypertrophy markers IHH and COL10A1, did not disptgyificant modulations The expression of
hypertrophy inhibitors exhibited different trends in the different cell donors: in particulae,
expression ofGREM1in constructs subjected to mechanical stimulation was two orders of
magnitude lower than that in staticontrols for one cell donor, but did not show any modulations
at all for the remaining two donors; for two donors, DKK1 was downregulated in constructs exposed
to hyperphysiological compression (deld and 6.7old, respectively)but this trend was not
observed in the third donoHyperphysiological compression determined a significant upregulation
of BGLAR2.8fold), a marker of bone formatiotdowever |BSRthe other considered bone marker,
was not differentially expressed in the two groupdlso in this case, a certain variability was
observed amog the different cell donors: for one donor, IBSP showed a relevant upregulation
(54.8fold) in constructs exposed to hyperphysiological compression, but the other two donors did
not display any modlations A statistically significant 3-fold decrease in the expression of the
antiangiogenic factor LECT1 was detected in the constructs subjected to mechanical stimulation,
althoughthe expression level was low also in the static contrdlse expresen levels of ALPL, a
marker of mineralization, and MMP13, a marker of catabolism, were almost constant in the two
experimental groups. The expression of CXCL8, a marker of inflammation, vialsl 2igher in the
mechanically stimulated group as comparedhe static group, but the increase was not statistically

significant. A 3.4old downregulation of ACAN and a 38d increase in the ratio between COL2A1
105



RESUTS

and COL1A1 were observed in the constructs subjected to mechanical stimulation, as compared to
static controls. However, there was a high int@nd intradonor variability in the expression of

these genes, andeither of the alterations was statistically significant.
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Fig.3.6.1: expression levels oélevantgenes in cells cultured either in staticdymamic condition
relative to the expression of GAPDH; n = 9 biologically independent samples from N =3 ¢
were analysed. Mean and SD are reported. Statistical significance was determined »
Whitney test. The significance level was p $0.0
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3.7 Biological validation of the strain produced by the device

A validation of the strain produced by the UniLat device was performed, to verify that the
unwanted deformation induced in the calcified cartilage construct (discussed in s&c®arid not
induce phenotypical changeGene expression levels at day 21, reporte&im3.7.1, referton = 3
biologically independent samples from a single cell domoitured either in static or dynamic
conditions Genes associated with chondrogenesis, catabolism, inflammation and hypertrophy were

analysed. None of the considered genes was diffgally expressed in the two experimental

conditions
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Fig. 3.7.1: expression levels aklevantgenes in cells either cultured static conditions or subjected
mechanical stimulation in the UniLat device, relative to the expression of GAPDH; n = 3 bi
independent samples from N = 1 donor were analysed. Mean and SD are reported. Statistical signifit
determined byMann-Whitney test. The significance level was p < 0.05.

Another experiment was performed to verify that the compression level obtained with Pillar
devices had the same effect on cell constructs as the one obtained with uKnee d&eces.
expressionlevels at day 21 were compared among constructs cultured in static conditions or in
dynamic conditions either iaPillar or inauKnee deviceResults reported inFig.3.7.2, refer ton =

3 biologically independent samples from a single cell donor. No relevant changes in the expression
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of the considered genes were observed betweendbastructs subjected to mechanical simulation
in the two different devces.Hyperphysiological compression determined a slight downregulation
of the chondrogenic markeACAN (2.4old and 1.4fold in the uKnee and the Pillar device,
respectively), a upregulation ofthe catabolc markerMMP13 @.7-fold and 1.9fold, respectiely),

a slight upregulation of the inflammation marker CXCL8-fdldl and 1.4fold, respectively)an
upregulation of the hypertrophy markers COL10A1 €418 and 3.6fold, respectively) and IHH
(18.7fold and 10.%old, respectively), and a downregulati of the hypertrophy inhibitors GREM1
(1.3fold and 1.8fold, respectively) and FRZB.1-fold and 2.0fold, respectively). None of the
reported modulations was statistically significapobably due to the low numerosity of the

considereddata sets.

ACAN MMP13 CXCLS8
10° 10% 10%
s T s &
] w W
@ 10 @ 10 @ 10
s =3 s
& 102 5 X 4024
Q@ Q@ -]
5 4. g 5 10
o o o
g g g
£ 104 b= B 104
© ° °©
E g5l 2 € o5l
) L © 2 O
& ¢ & &
& LN & LN
g (Q\ -~ (Q\
¢'§° < & &
& ¢ & ¢
COL10A1 IHH GREM1 FRZB
c 100 c 100 c 107 c 107
S S S o
@ 10714 @ 1014 T EN @ 1014
g g g g
s 102 ] s 102 s 102
2 2 2 g
g 103 & g 103 g 103
g g g g
5 1044 = = 104 = 104
@ @ @ @
o ; o o ; o
10-5-! 10-5-! 10-5-!
£ S D © S D £ S D
& & & ¢ ¥ & ¢
>N > N AN
o & 0\ G 0\ X
& & S &
<& _‘0 <& _‘Q <& _‘Q
PO PO &

Fig.3.7.2: expression levels o&levantgenes in HACs cultured in static conditions or subjected to mect
stimulation either in Pillar or uKnee devices, relative to the expression of GAPDH; n = 3 bi
independent samplesdm N = 1 donor were analysed. Mean and SD are reported. Statistical significa
determined byKruskalWallis tess and Dunn's multiple comparisons teginornormal distributions). Tt
significance level was p < 0.05.
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3.8 Development of a healthy osteochondral cell construct

The capacity of HACs and MSCs to retain their differentiative potenti@n coculture,
forming a healthy osteochondral construcomposedof a hyaline cartilageompartmentand a
calcifiedcartilageone, was assessed. HACs and MSCs were seeded intaRdMrall devices and
cultured for two weeks irstatic conditionsuKnee devices were used as single culture controls.

Representative phase contrast images of the constructs at different time points are shown in
Fig.3.8.1. Mineralization of the calcified construct was clearly visible at day 14 in both versions of
the device(Fig.3.8.1 C, F) The hyaline cartilage construct remained uncalcifiedoth the device

versions No clear differences were visible between the two versions in terms of interface shape.

A B C

Fig.3.8.1: phase contrast images dfi¢ osteochondral cell construct at different time points and in diffi
device versions: A) Pillar, day 0; B) Pillar, day 7; C) Pillar, day 14; D) Wall, day 0; E) Wall, day 7; F
14. Thehyaline cartilage construct is visible on the left, the calcified cartilage construct on the right. S
100>m.

ECM compositio and tissue maturatioat different time pointswere investigatedby means
of immunofluorescenceConstructs were stained for cell nuclei, hydroxyapatite, aggrecan and
collagen type |land analysed under a confocal microscoplee results are shown irig.3.8.2. At
day 0(Fig.3.82 A), constructs were only positivior the DNA marker DAPI, while no ECM was
present.At this rime point, de to the absence of ECM, constructs had a low strucfiatarity,
and broke wheropeningmicrofluidic deviceto perform the stainingFor this reasonkig.3.82 A
shows only a fragment of the osteochondral construct, and cells do not occupy the vegobn At

day 7 (Fig.3.8.2 B), the calcified cartilage construct was weaslgined for hydroxyapatite and
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aggrecan, while the hyaline cartilage construct wagative. None of the constructs was found
positive for collagenype II. At dayl4 (Fig.3.8.2 C), both the constructs were positively stained for
aggrecan,demonstratng the deposition of a cartilaggpecific matrix Collagen type II, another
marker of cartilage formation, wadetected in the calcified cartilage construct, but not in the
hyaline cartilage oneThe calcified cartilage construct showed a strong minextdin, being
positive for hydroxyapatite, while the hyaline cartilage construct remained negadiart from

someimpurities

Fig.3.8.2: immunofluorescence analysis of osteochondoalstructs in the Pillar device, SN images. A) di
0; B) day 7; C) day 14. Constructs were stained for cell nuclei in blue, hydroxyapatite in green, aggre
and collagen type Il in magenta. The dashed lines indicate the interface between the hyaline
construct (on the I&f and the calcified cartilage construct (on the right). Scale bar-t@0
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