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Abstract

Osteoarthritis (OA) is one of the degenerative and epidemic joint disorders occurring worldwide. It
significantly affects entire joints causing pain and disability, contributing to a heavy toll or socio
economic status. Although the molecular mechanisnespaorly understood, aging, gender, heredity,
joint injury, impaired joint movement, stress and obesity are the main OA etioldgwever, till now

there are no benchmark medical therapies for preventing or delaying OA onset. Biomaterials capable
of inducingregeneration/repair of cartilage and bone defects have shown significant promise in
treating OA. Magnesium (Mdpased materials are thought to be a suitable candidate due to their
cytocompatibility, ability to degrade and noteworthy is their osteopromotigality. This thesis
investigates the possibility of using Ndgsed microparticles in aiding the treatment of OA.

Mg microparticles were produced by applying a frictional force onto Mg wif@®duced by

intermediate heat treatment and extrusion steps) placed in a specially designed W43 gigh.

process yielded individual microparticlesoS y 3G K Fm®n YY [TheRe particlBsivkre 2 F 51 ®
further subjected to cleaning using organic solvantsemove surface contaminants influencing the
degradation ando ensuresterility during experiments.

The initial segment of the thesis centers on delineating the degradation traits ebddegd
microparticles in physiologic and inflammatory environments, reflecting varying oxygen levels; normal
(20%) and reduced (3%). Subsequently, the impact cbddgd nicroparticles, specifically Mg and
Mg-4¥-3Gd microparticles, on S@Reell viability was examined. Immortalized single cell picked €lone

1 (SCH) cell lines were subjected to Mzased microparticles within a transwell setup, facilitating
indirect contactbetween the cells and Mg, under hypoxic (3%) and normoxic (20%) conditions in a
semistatic setting.

Degradation analysis, encompassing mass loss and auxiliary parameters such as pH, osmolality, and
Mg levels in the cell culture supernatant, characterized the degradation process. Results indicated
comparable Mg microparticle degradation under normoxic Apdoxic conditions. Additionally, it was
observed that cell proliferation minimally impacted microparticle degradation. The identified safe
concentration range exhibiting minimal cellular toxicity for Mg micropatrticles, suitabia fatro OA
experiments, ranged from-40 mM (equivalent to 3 individual Mg microparticles per mL cell culture).

The subsequent section of the thesis delves into the application of Mg microparticleginitno OA

model, utilizing cytokines @ai = h®b @2 Ay @SadA Il {selsiwiS hvedtigatondr Ol 2
aims to understand the potential of Mg microparticles in prompting differentiation into chondrogenic

and osteogenic precursor cells. The study s@sducted under inflammatory conditions, contrasting

the outcomes with those observed in a normal, Aioflamed environment serving as a control.

Protein quantification (H6, I8, MMP1) validated the establishment of an inflammatory milieu

vitro, akin to conditions representative of OA. Qualitative imaging revealed abundant extracellular
matrix, affirming chondrogenesiélizarin red stainingndicatedosteocytemineralization. Analysis

focused on key genetic markers associated with chondrogenesis (COL2A1, SOX9, ACAN, OPN) and
osteogenesis (OC, BMP2, BMP6, RUNX2, COL1A1).

Notably, the presence of Mg microparticles, even amidst inflammatory conditions, led to the positive
expression of significant chondrogenic markers, suggesting a propensity towards cartilage
development. Similarly, markers associated with bone formatiomieted an upregulation in the
presence of Mg microparticles, even under inflammatory conditions. Typically, inflamed cells
experience reduced differentiation potential compared to their normal counterparts. However, this



study demonstrated that Mg presence under inflammatory conditions managed to partially restore
differentiation capacity, potentially contingent upon the severity of OA.

These findings suggest that SCEBells, when exposed to Mg microparticles, exhibited differentiation
into chondrogenic and osteogenic lineages. Intriguingly, the outcomes remained consistent
mirroring a similar trend even in the presence of inflammation. Hence, it can be concluded that Mg
microparticles possess the potential to promote cartilage and bone regeneration, influenced by the
severity of inflammation.

The confirmed degradation rate, cytocompatible characteristics, and the demonstrated support for
bone and cartilage repair mechanisnms vitro highlight the potential of Mg microparticles @
intelligent bioimplant material for OA therapy. Based on the gathered evidence, it is recommended
that further in vivostudies and subsequent clinical trials be conducted.



Zusammenfassung

Osteoarthritis (OA) ist eine der degenerativen und epidemischen Gelenkerkrankungen, die weltweit
auftreten. Sie beeintrachtigt das ganze Gelenk in erheblichem MalRe durch Verursachung von
Schmerzen sowiBinschrankungnd tragt zu einer starken Beeintrachtigung des sozio6konomischen
Status bei. Obwohl die molekularen Mechanismen nur unzureichend erforscht sind, gelten Alterung,
Geschlecht, vererbt&elenkerkrankungerstress und Fettleibigkeit als Hauptursachen fur OA. Bislang
gibt es jedoch noch keine richtungsweisenden, medizinischen Therapien zur Verhinderung oder
Verzdgerung des Auftretens von OA. Biomaterialien, die in der Lage sind, die Regeneration/Reparatur
von Knorpel und Knochendefekten einzuleiten, habenhsads vielversprechend fir die Behandlung
von OA erwiesen. Materialien auf der Basis von Magnesium (Mg) gelten aufgrund ihrer
Zytokompatibilitdt, ihrer Abbaubarkeit und ihreknochenaufbauenden Effekte, als geeignete
Kandidaten flr abbaubare metallische Implantale. dieser Arbeit wird die Mdglichkeit der
Verwendung von Mikropartikeln auf MBasis zur Unterstutzung der Behandlung von OA untersucht.

Mg-Mikropartikel wurden hergestellt, indem MQréhte (die durch mehrere Prozessschritte der
Extrusion und der Warmebehandlung hergestellt wurden)egpeziell entwickelte W48Verkzeug

gesetzt und gehammert wurden. Jedes Hammern ergab 60 einzelne Partikel in einer Lange von ca. 1,0
mm und einer Breite von 0,5 mm. Die Partikel wurden anschlieend gereinigt, um somit Stérfaktoren,
welche die Degradation leenflussen, zu eliminieren und die Sterilitat fir die Durchfuhrung der
Experimente zu gewéhrleisten.

Der erste Teil der Arbeit konzentriert sich auf die Bestimmung der Abbaueigenschaften von Mg
basierten Mikropartikeln unter physiologischen und entziindlichen Bedingungen, die sich in normalem
und reduziertem Sauerstoffgehalt widerspiegeln. AnschlieBendigmudie Auswirkungen von Mg
basierten Mikropartikeln (Mgund Mg4Y-3GdMikropartikel) auf die Vitalitdt von S&Puntersucht.

Zu diesem Zweck wurden die SCPRellen in einer Transwellnordnung (indirekter Kontakt zwischen

dem Mg und den Zellen) unter mivverschiedenen Sauerstoffregimen, namlich Hypoxie (3%) und
Normoxie (20%), in einer semistatischen Versuchsanordnungbadigrten Mikropartikeln
ausgesetzt. Der Abbau wurde durch den Massenverlust der Partikel charakterisiert. Des Weiteren
gaben pHWert, Osmolalitat und Mg Konzentrationsbestimmung aus dem Zellkulturiberstand
weiteren Aufschluss. Die Ergebnisse zeigten, dass didliMigpartikel unter Normoxie schneller
abgebaut wurden als unter Hypoxie. Es wurde festgestellt, dass das Zellwachstum keinen
nennenswerten Einfluss auf den Abbau der Mikropartikel hatte. Der akzeptable therapeutische Index,
der der minimalen zellularen Toxizitat von ¥gkropartikeln fur die Verwendung im vitro OA
Experimenten entspricht, betrug-#0 mM (d. h. entsprechend 3 einzelne Mtikropartikel pro
Milliliter Zellkulturmedium).

Der zweite Teil der Arbeit befaggtich mit der Etablierung unéinwendung eines O&in vitroModels

unter Verwendung von Zytokinen {1L, TNF"), um den Einfluss von Mdgikropartikeln auf SGP-

Zellen und deren Fahigkeit, in chondrogene sowie osteogene Vorlauferzellen zu differenzieren,
aufzuklaren. Die Studie wurde unter Entzindungsbedingungen durchgefuhrt und die Ergebnisse
wurden mit denen vaglichen, die unter normalen Bedingungen (d. h. ohne Entziindungsinduktion als
Kontrolle) erzielt wurden. Die Quantifizierung von Proteinen6(ILL-8, MMP1) bestétigte die
Induktion von OAnN vitro. AuRerdem bestatigte die Produktiason reichlich extrazellularer Matrix,

die in der qualitativen Bildgebung sichtbar wurde, die Chondrogenese. Mit der Alizefémming
konnte die Mineralisierung der Osteozyten, welche eine Voraussetzung fir die Osteogenese ist,
qualitativ nachgewiesen wden. Nach der Analyse der wichtigsten Gene, die mit der Chondrogenese
und Osteogenese in Verbindung stehen, wurden Schlussfolgerungen gezogen. Die wichtigsten der



untersuchten, chondrogenen Marke€QL2A1, SOX9, ACARNund COL10Allexprimierten positiv

in Gegenwart von Md/likropartikeln, welche vermutlich die Knorpelentwicklung beglnstigen
ebenfalls unter entziindlichen Bedingungen. Andererseits wurden Marker, welche die Knochenbildung
unterstitzen,namlich OC, BMP2, BMP6, RUNX& COL1Albei Kontakt mit MegMikropartikeln
hochreguliert, was auch unter entziindlichen Bedingungen der Fall war. Im Allgemeinen verlieren
entzindete Zellen im Vergleich zu normalen Zelltypen ihr Differenzierungspotenzial. Unsere Studien
zeigten, dass didnwesenheit von Mg unter entzundlichen Bedingungen die Differenzierungsfahigkeit
der Zellen bis zu einem gewissen Grad wiederherstellen kann. Die Studie konnte zeigen, dass sich SCP
1-Zellen in Gegenwart von Mdikropartikeln in chondrogene und osteogeh#ien differenzierten,

und interessanterweise folgten die Ergebnisse auch unter Entziindungsbedingungen einem ahnlichen
Trend. Daraus lasst sich schlieRen, dassMikgopartikel das Potenzial haben, die Knorpehd
Knochenregeneration in Abhangigkeit vder Schwere der Entztiindung zu férdern.

Die nachgewiesene Zytokompatibilitat, die optimale Abbaugeschwindigkeit und die Fahigkeitvon Mg
Mikropartikeln, Knochenund Knorpelreparaturmechanismeim vitro zu unterstiitzen, machen sie zu
einem intelligenten Bioimplantatmaterial fir die ©&erapie. In Anbetracht der gesammelten
Erkenntnisse wird vorgeschlagemyivoStudien und darauffolgende klinische Studien durchzufihren.

Vi



OEducation is a companion which no misfortune can depress,
no crime can destroy, no enemy can alienateg@spotism can enslave.
At home, a friend, abroad, an introduction, in solitude a solace asocety
an ornament.
It chastens vice, it guides virtue, it gives at once grace and government to
genius.
Without it, what is man? A splendid slavagasoning savage."
Joseph Addiso(iLl6721719
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1 Introduction

1.1 Osteoarthritis (OA): The wear and tear arthritis

1.1.1 Etiology and pathophysiology

Arthritis, characterized by acute or chronic joint inflammation accompanied by pain and structural
damage, encompasses various forms of joint disofdémnong these, Osteoarthritis (OA), termed as
bone-joint arthritis, stands as the most prevalent type, leading to a gradual deterioration of articular
cartilage. In OA, an imbalance arises in the synthesis and breakdown of the extracellulat matrix
Formerly considered an ailment affecting the elderly due to-ee@ted cellular changes and joint
tissue susceptibility to wear, OA now manifests in younger individuals owing to genetic
predispositiod®. Factors like reduced estrogen levels, gender, joint pain, lifestyle, inflammation,
excess weight, angrevious injuries also contribute to its developmeht

Despite its widespread impact on joint health, the precise molecular mechanisms initiating and
advancing OA remain poorly understdodConsequently, targeted treatments aiming at restoring
cartilage degradation or reducing disease incidence are currently dhsBiggnosis commonly
involves methods like computerized tomography (CT), magnetic resonance imaging (haigs$), ot
synovial fluid testing (protein mass spectrosc8pRadiographic assessments often reveal joint space
narrowing, bony spurs, subchondral sclerosis, and osteophyte forntation

As of now, chronic OA lacks a definitive cure, necessitating a treatment focus on alleviating pain and
enhancing patients' quality of lif& Management of mild to moderate symptoms involves non
pharmacological interventions such as exercise, weight management, thermal applications, and
adopting a healthy lifestylé Pharmacological remedies range from topical applications to NSAIDs,
complemented by appropriate assistive deviée§or severe cases where conventional treatments
prove inadequate, joint replacement surgery remains the only option to restore tissue futfction

1.1.2 Dynamics of bone and cartilage formation

Bone is dively mineralized connective tissue mprisingof osteocytes, osteoblasts, osteoclasts, and
associated bone cell lining® ! f 1 K2dzZAK 062yS LIISIFNAR G2 0SS AYySNI
support of soft tissues, calcium phosphate deposition, and oagow production are controlled by

this skeletal materiaf. The subchondral bone plays a pivotal role in safeguarding against shear forces

that might otherwise harm neighboring joint tissdésSituated just beneath the subchondral bone, a

porous network of highly sensitive trabecular bone operates under the supervision of osteocytes,
osteoblasts, and osteoclasts

Cartilage is an essential connective tissue that covers and protects bone in synovial joints. Articular
cartilage enables frictionless movement within a joint combined with load transmission. This cartilage
has an extremely limited potential for setnewal, healing, and repait. Articular cartilage contains
specializeatells called chondrocytes embedded in a matrix and are capable of adapting to the rugged
biomechanical environmefft The tissue matrix is created by chondrocytes through a combination of
collagen, norcollagen proteins, and proteoglycans, aiming to strengthen the cells against mechanical
impact or shock. Proteoglycans and glycosaminoglycans always leak from cartilage and collagen,
change size and orientation which reduces the diffusion of water molecules into the cartilage during
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the initial OA stagés For this reasonarticular cartilage undergoes internal remodeling, and the
matrix molecules areeplaced. On growing older, chondrocytes lose their ability to restore articular
cartilage, which resulti the deterioration of joint$®. This continued degeneration paves the way to
OA.Figurel depicts the microstructure and histopathology in normal and OA conditions. However,
there are numerous factors involved in cartilage metabolism, which remain unclear due to its
structural and functional complexi{ At present cartilage research is advancing and, studies towards
finding the mechanisms that control the early growth and shaping of cartilage are being researched.

Physiological Pathological
(Early-stage OA)

Subchondral trabeculae deterioration
Bone marrow oedema-like lesion

Ligament

Increased angiogenesis and nerve growth

Subchondral bone plate thickness & and porosity T
Tidemark duplication
Cartilage degradation

Calcified cartilage
Tidemark

Non-calcified cartilage —— Synovial fibrosis and inflammation

Synovium ————— . i -
Y Progressive cartilage destruction

Subchondral bone plate Calcified cartilage thickness 1

Subchondral bone plate thickness T

Subchondral trabeculae Osteophyte formation

Bone marrow cavity Subchondral bone cyst

Subchondral trabeculae sclerosis

(Late-stage OA)

Figurel: Microstructure and histopathology during osteoarthritisPublished under the creative
commons CBY 4.0 license.

1.1.3 Gene candidates implicated in osteoarthritis process

Multifactorial pathophysiology of OA being still a hot topic of investigation, genetic predisposition is
one of the prime causes reported evdbenes are regarded as one thle strongest factors in
determining the deterioration of cartilage with the proliferation reaction of subchondral bone and
inflammatior?®. The role of genetics is thought to influen8@% of the progression and severity of
O&"28 Among all the gene candidates Collagen type Il alpl@OLRA1)Aggrecan ACAN) Sex
determining region Y typeS(X9)Osteopontin QPN)and Collagen X type alphaQ@L10Alavors
cartilage development. At the same tim@opllagen type | apha | (COLLAR)Nt related transcription
factor 2 RUNX2)Alkaline phosphatas@[P) Osteocalcin@C) Bone morphogenic protein BMP2)

and Bone morphogenic protein BjP6)are associated with osteogenic developm@rit.

COL2A%ene codes for the structural proteins for cartilage extracellular matrix. Any alterations in this
gene are responsible for joint degeneratidhsThe downregulation oACANevels is a marker for
ongoing OA. In certain cases, of OA, it can be possible to retard the catabolic process by increasing
ACANproduction and inhibiting its degradatioithus, ACANgene can be an indicator for the demise

and survival of the articular cartilagfe SOX9s one of the important transcription factors in the
formation of cartilage extracellular matrix and its expression serves a key role in the OA
pathogenesi®¥. While the markerOPNis expressed in osteoarthritic cartilage and was validated
through immunohistochemistryn situhybridization, western blot analysis and northern blot analysis.

In general OPNexpression increase with the severity of the OA lesions and through the disintegration

of the cartilaginous matriX.

Type X collagen's influence on OA progression, highlighted by its role in matrix remodeling and
cartilage balance, underscores the significance of altered collagen distributions in articular cartilage
as an indicator of cartilage abnormalities seen irfOFhis disruption in cartilage integrity, including
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the increase or modification of type X collagen presence, correlates with ongoing changes in the
extracellular matrix (ECM). Interestingly, markers suchC&L 1Al associated with osteogenic
development, offer insights into the molecular landscape driving these changes. COL1A1, a prominent
component of the ECM, is pivotal in regulating cell behaviors pikdiferation, adhesion, and
osteogenesis in bone marrederived mesenchymal stem cells (MSEd)his association highlights a
potential interplay between type X collagen's impact on cartilage structure and the molecular cues,
like COL1A1, influencing osteoblastic differentiation, contributing collectively to the progression of
OA.The exploration of various markers associated with osteogenic development, inclD@ngLP,
RUNX2 BMPZ and BMPG sheds light on the intricate pathways influencing osteoblastic
differentiation. These markers collectively play pivotal roles in the regulation and ioriaif
osteogenesis. For instanc®Cand ALPare markers indicative of osteoblastic activity and bone
mineralization, whileRUNXZserves as a transcription factor crucial for osteoblast differentiation.
Additionally, BMP2 and BMP6, members of the bone morphogenetic protein family, exhibit significant
influence in osteogenic signaling pathways, promoting bone form&tion

In the context of osteoarthritis progression, understanding the dynamics of these markers becomes
imperative. Their roles in osteoblastic differentiation and bone formation might intersect with the
alterations observed in the cartilage microenvironmenteaféd by changes in type X collagen
distribution. These markers potential impact on modulating osteogenesis might indirectly contribute
to the structural changes observed in @fiected cartilage, influencing the overall progression of the
condition along®le the perturbations associated with type X collagen distributi®uUNX2is
indispensable for osteoblast differentiation and for the maturation of chondroByt®uring
osteoblast differentiation,RUNX2in uncommitted mesenchymal cells expresses weakly, and its
expression is upregulated in posteoblasts, reaches the maximal level in immature osteoblasts, and
is down-regulatedin mature osteoblastsALP serves as a widespread glycoprotein vital in hard tissue
formation. It is prominently expressed in mineralized tissue cells, serving as an early indicator of
osteogenic differentiatioff. OC, a polypeptide, holds responsibility as a marker for homaation.

After its release from osteoblasts, OC primarily integrates into the extracellular bone matrix,
constituting around 15% of the nezollagenous protein fractidf

Bone morphogenetic proteins (BMPs), found within the bone matrix and part of thel TGF
superfamily, contribute significantly to skeletal development, bone formation, and mesenchymal stem
cell (MSC) differentiatidth. Specifically, BMP2, a 396 amino acid polypeptide growth factor plays a
crucial role in inducing osteogenic differentiation in undifferentiated mesenchymal cells. BMPS6,
another essential marker, significantly contributes to bone regeneration, playingaapirole in
osseous regeneration within damaged bone amaivobone formation processés

1.1.4 OAtargets: Influence of inflammation markers in osteoarthritis progression

The pathogenesis afsteoarthritis (OA) unfolds across three interrelated stages. Initially, the process
commences with moleculdevel damage to the extracellular matrix (ECM), leading to gradual wear
and tear of the cartilagl. As the ECM deteriorates, fragments of type Il collagen and fibronectin are
released into the synovium, activating synovial cells that subsequently releaseflaramatory and
catabolic biochemical markers. This triggers the production of matrix metatiipases (MMPs) by
chondrocytes, initiating the breakdown of articular cartilé&ge

Movinginto the secondstage,damageextends to chondrocytes, articular, and subchondral tissues. In
response, there is an upregulation of tissue repair mechanisms where molecules like type 1l collagen,
insulinlike growth factor (IGF), transforming growth factmeta (TGF 0 = | YR odene® Y 2 NLIK:
proteins (BMPs) work to restore ECM homeostasis. Subsequently, factors like alkaline phosphatase
(ALP), type X collagen, and annexins contribute to bone fornfation
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The final stage involves a failure of chondrocytes to adequately repair tissue in response to
degradative activit{f. Consequently, there's a decrease in biochemioibitors of catabolic
cytokines and metalloproteinase tissue inhibitors. This shift in the biochemical environment leads to
decreased tissue cellularity and increased chondrocyte cell death, considered a hallmafk of OA

Biomarkers are efined and analyzetb quantify the disease progression and remodeling in joints.
Detected precisely, OA biomarkers may permit early identification and rapid treatment compared to
the established techniques delaying episodes of cartilage and bone ddmabere are number of
biochemical markers that are promising which can be categorized based on the disease prognosis,
severity, efficacy, and diagnosis. Of such categorization system for markers are the BIPED (abbreviated
for Burden of Disease, InvestiggtS§ > t N2 3y 23 0GA 0> 9FUOIOe 2F LYyGSNBS
introduced by D.C Bauer and colleagues which evaluates biomarkers utilizing the disease
pathophysiolog§f. There are several markeas candidateor predicting and prognosing OA and are
tabulated below Tablel). Among these the biochemical markers used in this sivete 11-6, 11-8 and

MMP1. |6 is a proinflammatory cytokine found in higher levels in the synovial fluid of patients with
any structural changes in the joints and therefore is a confirmed diagnosis of OA. Although researchers
indicate IE6 contribution to @artilage degradation, evidence linking pain or downstream molecular
mechanisms are compl&x IL-8 is an inflammatory chemokine that has a role in OA pathophysiology
due to mediating the release of MMEB. II-8 has also an association to the inflammatory changes
occurring in the synovium. Furthermore,-8Ltakes role in recruiting neutrofls (homing of
leukocytes) at the infection sité While, MMRLs are interstitial collagenase that is seen elevated on
collagen type Il degradation; one of the prime steps in OA progréession



Tablel: Clinical relevance of biomarkers involved iPA

Condition Biomarker Clinical importance
Synovial Matrix metalloproteinase | | Elevated MMP levels are indicative of
inflammation and| (MMP-1), increased enzymatic degradation of
injury Matrix metalloproteinase cartilage extracellular matrix in

(MMP-3), osteoarthritis (OA). Monitoring these
Matrix metalloproteinase MMPs helps assess tlseverity of
(MMP-13), cartilage damage.

—

Prostaglandin EQPGE2)

OsteocalcifOC)
Osteopontin(OPN)

Tumor necrosis factor alpha
(TNFh 0 2

Interleukin 1 beta (mi 0 X
Interleukin6 (1L-6), Interleukin8
(IL=8), Interleukinl0 (I=10),

Creactive protein (CRP),

Tissue inhibitors of
metalloproteinases (TIMP)

" the inflammatory state of the synoviur

Prostaglandin E2 serves as a key media
of inflammation. Its presence indicates
ongoing inflammatory processes in the
synovium, aiding in the evaluation of
inflammatory status in OA.

Contribues to understand bondurnover.
Their levels can provide insights into t
balance between bone formation an
resorption, helping in assessing the ove
bone health in OA patients.

These cytokines play pivotal roles
inflammation and immune responss
Monitoring their levels helps in evaluatir

and aids in guiding anthflammatory
therapies in OA victims.

Monitoring CRP provides a systemic
marker for inflammation and aids in
assessing the overaitiflammatory burden
in OA patients.

TIMPs control the enzymatic degradatiof
of cartilage. Suppression of TIMP activity
might compromise the efficacy of OA
therapy.

Cartilage
degradation

Cartilage oligomeric protein
(COMP),

Gterminal crosdinked
telopeptide of type Il collagen
(CTX)I

GX-C motif chemokine 12
(CXCL12),

COMP release indicates cartilage
degradation resulting in OA severity.

CTXI levels are associated with joint
damage and increased risk of OA
progression.

CXCL12 synovial levels correlates with
radiographic outcomes in OA victims.




GX-C Motif Chemokine CXCRB vital to maintain the phenotypic
Receptor ACXCR?2) stability of articular chondrocytes.

As seen that the biological markers respond promptly to OA treatment, it involves different tissue and
complex biological processes. In the light of this situation, the inflammatory biomarkers are tools that
could assist along the hurdles to effective diagis and treatment of OA.

1.2 Establishment ofn vitro OA models

An ideaiin vitromodel of osteoarthritis (OA) should authentically replicate the pathological conditions
observed in human GA Given that OA predominantly inflicts damage on the articular cartilage and
subchondral bone, precise replication of these deleterious effects is crucial in sophisiicatiét
models aimed at comprehensively investigating OA pathogenesis. These models must effectively
mirror the complex interplay and damage occurring within these specific joint components to provide
accurate insights into the disease mechanisms.

Table2: Advantages/disadvantages of current @Avitro model$®°’

In vitro OA Application Cell Advantage Disadvantage
model
Monolayer fOsmotic fiChondrocytes | | Expansion of fILacks ECM content
effect cellular resource due tothe cell
fIMacrophages from a single isolation from

sample is possible| tissue, therefore
alteration of
{ High throughput, phenotype

cost effective

Y Stimulation
by cytokines| {synoviocytes

{{Bone marrow

derived stem fiDiffering passages

cells q Cell exposition to and variability
nutrients is
uniform T<Quitable for
synoviocytes than
1 Promotes various | cartilage cells
cellular phenotype
studies flinduced de
differentiation and
morphology
change in P
substrate




Coculture fOsmotic fiChondrocytes | 1 Influence of fHighly expensive
effect different cellular and difficult
{/Osteoblasts phenotypes maintenance
1 Stimulation together
by cytokines| qg/noviocytes 13D cartilage
conditions cannot
be met
3D-culture fOsmotic fiBone marrow | Y Suitable model for | Y High cost and
effect derived stem sensitive cells maintenance
cells difficulty
{Stimulation
by cytokines | ffChondrocytes ffCompromised cell
quality
Minjury
fCell growth is
dependent on the
biomaterial used
Explant TOsmotic T Articular 1 Cost effective 1 Restricted replicate
effect cartilage model availability as the
tissue death occurs
fiStimulation | {Synovial f[Easy to produce | atthe edge
by cytokines membrane and maintain
fIPrimarily focus on
flinjury f{Osteochondral  fUsed for specific tissues
/ femoral explaining (e.g., cartilage,
condyles intercellular and synovium),
cell-ECM potentially
relationship overlooking
interactions
between different
joint component
contributing OA

Although significant progress has been made to understand the cartilage degeneration mechanisms,
gaps in translatingn vitro OA findings to the clinical setting remain to be a challenge. One of the
reasons behind this is the lack of gold standarditromodels in assessing the exact pathophysiology

of OA. Presently there are plethora of existing models, and each are targeted towards specific marker
quantification (e.g., inflammatory cytokines, proteases) of the joint tis§uAslditionally, each model

has its own complexities with advantages and disadvantages as discussed ablb2.

1.3 Thein vitro model: SCH suitability for differentiation studies

The origin of human mesenchymal stem cells (hMSCs) spans multiple tissues, emanating from bone
marrow, adipose tissue, and the umbilical cord matrix. These versatile cells exhibit the potential to
differentiate into diverse cell lineages of mesodermal iorigncluding adipocytes, chondrocytes,
osteoblasts, myocytes, and stromal c&llsThey open more advanced avenues for cell
therapies/transplantations due to their multipotency and considerable proliferation capacity both of
which are maintainedh vitro. In vitroapplications require large cell numbers, for this purpose, MSCs
are isolated and expanded prior to their ussccording to the literature, hMSC lose théirvitro
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proliferation and differentiation potential after a maximum of 240 population doublings. Moreover,

they are donor specific. These make hMSC cells less suitable feletomglifferentiation studie®.
Researctbhased evidence suggests telomere shortening is the reason for the Hayflicks limit (limit in
cell division) of the hMSC cells. Telomerase (a ribonuclear protein complex consisting of integral RNA)
and hTERT (human telomerase reverse transcriptasetalytic subunit) are mainly responsible for
supporting the telomeric length®2 Therefore, the only practical way to overcome hMSC seneseence
related growth arrest is by introducing cells with hnTERT under the presence of a constitutive promoter.
Simonsen et al(2002), Mihara et al.(2003), and Jun et al.(2004) were successful in illustrating that
hMSCs transduced with hTERT retained unlimited proliferation and differentiation potential into
multiple cell lineagesn vitro and in vivd*®, Nakahara et al. (2009) were able to show that
immortalized hMSC were capable to form bone in ffic&/hileBockeret al. in 2008 demonstrated
GKFG RSALIAGS 2F (KS K4 gellsQepreserd imyictalized MBES), théystill SR 6 {
possessed the characteristics of a mesenchymal stem cell. Aside from being immortalized, the merit
of cell line is that theyrgw faster and are ideal model to test hypothesis due to their ease in handling,
facile in expanding to the desired cell number in short duration of time when compared to hMSCs and
the less cost in maintaining the cell IldeHowever, the research is far from full understanding and
more efforts should be taken to determine further merits of using-$@#n vitro studies. The work

in this thesis has been performed using singdl pickedclone 1 (SCR) which was obtained through

the ectopic expression of hTERT by lentiviral gene transfer.

1.3.1 Hypoxia considerations in a cell culture

Cell culture parameters should be rigorously controlled in order to perform studies under defined
conditions that closely represent tha vivoenvironment. One of the main parameters that affects

cell proliferation and differentiation is the oxygen level. The presence of low oxygen, also known as
hypoxia (at or below 5%), is a key factor involved in several pathological conditions. One sitdbncond

is OA, where hypoxia has a positive influence on chondrocytes and cartilage regerfér&tioimg

OA pathogenesis, cells adapt themselves by activating hyjpmkigible factorl alpha (HHmh 0 @

Though Hmh A& NBIIFNRSR Fta + KFEEEfYFENY] Ay LNBRAOGAY
chondrocyte biology, its exact contribution to differéation and tissue formation is unclear®

Interest in hypoxia related research has greatly expanded over the last decades, as studies conducted
on cartilage degradation and hypertrophy reported higher levels ofHIFA Y RS 3ISy SNJI G A @S
Recent studies revealed that FHF"  LINE Y 2 (i Sessiomrélafed to Saftilatié)degeneration and
hypertrophy. Under hypoxic conditions, healthy human chondrocytes cultureditro exhibited
heightened HIF expression, leading to the stimulation of chondrogenic matrix genes. Surprisingly,
these outcomes contradicted the findings obseniadvivd™. This is due to the difficulty faced in
creating in vitro disease models to match clinical conditiombere the underlying pathologic
mechanisms are poorly understood. One possible reason for such a difference betwagoand

the in vitromodels is the difference in flow of physiological fluids in a s&atic cell culture that leads

to waste accumulation. On the contrary, in a living organism the cells and capillaries are usually 20 to
200 um apart facilitating the exchange of nutrieatsd wasté?,

The beneficial impact of hypoxia in fostering vessel growth is worth noting, as it involves the
enhancement of preangiogenic pathways that oversee various facets of endothelial, stromal, and
vascular support cefliology’®. Comprehensive investigations into the role of hypoxia and HIF signaling
in human diseases are necessary to attain a deeper understar@dongsequently, the role of hypoxia

in regulating angiogenesis needs to be understood for the identification of new therapeutic targets
and modalities. Xu et al. (20),through their findings, were able to clarify that oxygen tension
influenced the effect of Mg degradation products on migration, proliferation, gene regulation, and
trophic cytokines in HUCPV cells. Nevertheless, the author recommended a detaiiedstudy
concerning oxygen tension in order to understand the effect on bone formation and vascularization
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Our studies have investigated the effect of hypoxia on the degradation dbddgd microparticles
and consequently on the viability of SCRells.

1.4 Magnesiumbased implants in orthopedic applications

Mg and its alloys are renowned in biomedical applications and can be classified as a new generation
biomaterial due to their biological activity, biocompatibility, and degradability. The entire human body
contains around 25 g Mg, of which 60% is locatedn bones and the rest in soft tissuésAn
important feature of Mg for orthopedic application is itsechanical stiffness with Young's modulus

of 45 GPa and density of 1.74 gferfor comparison, human skeletal bone has modulus of elasticity
20 GPa and density of 1.75 g/fM. Thus, the use of Mg as an implant aaduce stress shielding
during weight transfer at the boninplant interface, and thus lessens the risk of implant loosehing
The aforesaid properties of Mg overcome the limitations of using conventional metallic, synthetic and
polymeric materials in orthopedic applications where bone preservation and regeneration are
important. Additionally, the capability of Migased materiad to safely degrade offers benefits
compared to existing implant biomaterial&/hile the degradation of existing iron and polymer alloys
can be tailored, they still lag behind Mbgsed alloys in effectively stimulating bone growth and exhibit
notable dispaities in mechanical properties when compared to natural béne

Although it has been two centuries since the discovery of Mg by Sir Humphry Davy in 1808, extensive
research is required to better understand the mechanism of Mg in hoim regeneration. Mg gained

its importance in clinics after 1878 when Dr. Edward uSeHreported its suitability as a ligature
material. Later in 1900, the interesting findings of Payr led to the use of Mg in the form of an implant
material for musculoskeletal applicatiofisAn ideal biomaterial for orthopedic surgery should be well
adapted to its biological environment and have sufficient mechanical strength to withstand
biomechanical forces. For bosjieint applications, desired implant material characteristics should be
of lightweight and wear/tear resistant. They should also be -enflammatory, encourage
osseointegration/tissue regeneration and gradual degradation inside the body to avoid the need for
implant removal surgeff8. However, Mg implants face certain challenges related to bone
remodeling/ tissue regeneration, as listed below.

1. Formation of gas bubbles

Mg reactivity: Production of hydrogen gas was observed during degradation causing the formation
of hydrogen bubble at the Mg implant surfac&.bubble forms when the interface between
hydrogen gas and body fluid serves as a nucleation site for calcium phospBaldse can either

be completely encompassed by calcium phosphate or the bubble can develop forming an open
tube. Though initial calcium phosphate layer is transparent, and rich in calcium, the layer thickens
rapidly increasing the phosphate contefithis can be further connected with occurrence of brittle
fracture®>83

2. Premature loss in the mechanical property bfg-based implants

An unpredictable loss in mechanical properties can lead to a reduction in the strength of Mg
implants. This could result in the deformation of bone implants, and increases the risk of
premature implant failuré.

3. lonic concentration and pH

Physiological salt ions in body fluids can intensively attack Mg and enhance its degradation. As a
result of the rapid degradation, it leads to mechanical failure of implants before the healing tissues
recoup their mechanical strength. This significantigréases pH in the surrounding miero
environment affecting the local cell functictig®
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The intense degradation rate of magnesium under physiological conditions is one of the limitations
for its use in orthopedic applications. However, over time, depending on the implant application and
the time of bone healing, the desired degradation ratieam implantis a requirement. Mg when
exposed to the atmosphere will develop a gray oxide film of magnesium hydroxide Mp(@iith

slows corrosion. Mg(OHbljs partially soluble in water; however rapid and more corrosion occurs in
aqueous physiologicaloaditions in the presence of chloride ions (concentration 150 mnfol/L)
Mg(OHj) reacts with chloride ions to form highly soluble magnesium chloride and hydrogen.

b ¢o0 -CHo O Eq.1
0°Q céa Qb & Eq.2
0°WO cda OBa ¢bo Eq.3

To resolve the abovementioned challenges, an optimized implant degradation rate should be achieved
through an appropriate choice of alloying and procesdirgtective coatings and surface treatments

are highly recommended to enhance the degradation resistance and biological compatibility in Mg

based implantsGrain refinement, soligolution strengthening and precipitation hardening are the

methods that can be used to optimize the mechanical properties. Calcium, silver, zinc, manganese and
strontium are the main alloying elements used for improving the strength of orthopediebiked

implant$88% The implant material characteristics and natural tissue compatibility are major areas of
interest based on the implant design and thikgnment in the inner fiber orientation and anisotropy.

Though it is believed that Migased alloys generate low risk byproducts in body fluid and has good

renal clearance, it is also important to understand the effects of alloying elements on tissudggand

whole body° Until now, there is no specific standard biocompatibility test and data on the effect of

alloying elements on tissues and the body. However, some efforts have been made in addressing the

gaps between mechanical testing and biological compatibility byABBTM F19899 concerns a

{0 YRFNR LN} OGAOS F2N) FaasSaavySyad 2F GKS O2YLJ
AYLI Iyl LI AOFIGAZ2YAaeéd ¢KAA adlyRIFENR IABSa 3IdzA R
biomaterials inside bone and gdissue for times between 30 days and 3 yéars

ASTM F25021 guidelines refer to the mechanical testing of orthopedic absorbable implants. Any
toxicity/carcinogenicity caused by alloying elements is studied using cells on a laboratory scale by
seeding cells directly on the implant or via sample expedara test solution for a specified time,
followed by evaluating the degradation of byproducts in cell cufuirdo address the gaps in
biocompatibility data more imlepth research on toxicology and carcinogenicity are required.
Yoshizawa et al(2014)successfully demonstrated the role of Mg in promoting mineralization of
extracellular matrix (ECNHith increased collagen X expression and vascular endothelial factors in the
presence of osteogenic proteitisThe cytotoxic concentration of Mg and its alloying elements were
investigated by Niederlander et alin 2014 using osteosarcoma cell line Sa@sand human
mesenchymal stem cellBNISCs) extracted from the bone marrow. A concentration up to 2mM was
found to be well tolerated by the cells; however, the cell type and the utilization of mand
cocultures is a matter to be considered. Experiments performed on rodents and humanke ceted

any deficiency in Mg within the body may result in low serum hgm@id hormone and calcitriol (the
hormonally active form of vitamin D) which affects bone formation. This demonstrated the
importance of Mg in the human body and the role of ddgsed biomaterials in bone tissue
regeneration applicatiorf.

Thus, from hairline fracture (stress fracture) to compound fractures (open fracture), Mg has attracted
tremendous attention since the turn of the millennium compared to other implant matérialdinical
acceptance (MAGNEZIX®) and commercialization ofbddgd materials will need further

ONBI 1T OKNRdzZZK NBaSINOK (G2 NBLX I OS (GKS Odz2NNByiif &
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mechanical strength, clearance, cytotoxicity and tailoring degradation rates. With the advancements
in Mg research, Mg development companies aim to impact the market outlook by applyiafdvg
basedimplants for foot, ankle and sports medicine targets of the musculoskeletal s{stem

Mg being the fourth abundant cation in mammals and second predominant intracellular cation,
participates in multiple roles: a) acting as-fe@tor and catalyst for enzymes, b) stimulus for cell
growth and proliferation, c¢) stabilizing DNA, at)degulation of sodiumcalcium channels pivotal for

0 2 R& Qa 9. 20dghlBrhsdnaintain stable Mg concentration in serum with their own specialized
mechanisms. Bone, intestine and kidney are th@in responsible organs in maintaining Mg
homeostasis. Though bone acts as a storehouse of Mg, there occurs a constant exchange of Mg
between blood plasma and bone. Kidney plays an active role by reabsorbing almost 95% of the filtered
Mg and help in homedasis under physiological conditiorurplus Mg in plasma gets stored in bone

and the remaining gets excreted along with uffheMg deficiencies are shown to contribute to
deleterious health problems. The normal serum Mg concentration ranges between 0.75 told/25 m
While any concentration less than 0.75 mmol/L is considered to be hypomagnesemia.
Hypomagnesemia can be attributed with chronic ailment, excess alcohol disorder, gastrointestinal loss
of Mg (impairment of gastrointestinal absorption), renal loss of Kippairment of renal
conservation), and several other conditidhsAnything from mild tremors followed by generalized
weakness towards cardiac ischemia and death are regarded as the signs and symptoms of lowered
magnesium levelsAlthough rare, it is a serious electrolytic disorder of fatality if not diagnosed and
treated promptly. It is noteworthy to mention thahicertain cases of Mg deficiency, like increased
loss via thiazide diuretics or decreased intake, Mg is seen to release from bones and #fuscles
Chronic deficiency of Mg leads to skeletal fragility, reduction in bone mass and growth, paving way to
certain degenerative tissuedisorders like osteoarthritis, osteoporosis and rheumatoid arthrifise

daily recommended Mg supplementation according to US department of agriculture (USDA) is 320
and 420 mg/day in males and females, respectivhy. concentration above 0.95MiL is coined as
hypermagnesemia, and this condition occurs in patients associated with acute or chronic kidney
dysfunction and are also encountered in patients with abnormal electrolyte levels, a common
condition among cancer victim8part from this, pagnts wth proton pump inhibition history,
malnourishment, and alcoholism can fuel up the risk of hypermagned&mia
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2 Motivation, Objectivesand Hypothesis

Magnesiumbased implants started revolutionizing the field of betresue engineering over two
centuries ago due to their degradability and bdite properties with the potential of promoting
natural bone growth, thereby improving boseint disorders. Da to their degradability and the
capability of supporting bone growth, globally much research is still being conducted with the goal of
further commercializing Mg implants. Ongoing research on Mg and its alloys is concentrated on
orthopedic applications ahis aimed at bringing new treatments to clinib4g's ability to induce bone
formation could position it as a promising resource in regenerating bony tissue for treating
degenerative disordersiowever, till now there are no gold standard medical therapies for preventing
or delaying OA onset. Therefore, present treatments range from-ptf@armacological measures
(weight reduction, exercise) to analgesics, and finally to joint replacement surd€gtsotomy,
Arthroplasty and Arthrodesis). Hence there is ianreased demand and unmet need to find a
complete solution for curing OA. Therefore, one of the motivations of this thesis was in deriving an
appropriate OA therapy with the intention of capacitating the quality of life and to contribute in
establishingan acceptable treatment protocol.

It is a known fact that OA is multifactorial, therefore not only the bones and cartilage are affected but
also accounts for the loss of column and disorganized arrangement in the subchondral growth plate.
At this juncture, it is of note that the path tanfil the right OA therapeutic is not only motivating but
encompasses huge challenges in it.

The work presented in this thesis investigated the influence ofbllged microparticles on the
treatment of OA from arin vitro perspective. An implant for OA therapy should support and restore
the differentiation potential in cells of inflamed tissues. Furthermore, they should reduce the
inflammatory response and pain. Hence, the general improvement of the impaired condition and
patient mobility is expected through implanting the Mg microparticle in osteoarthritic joints.

The studyhasmaterial and biological aspects. The material aspect discussed the degradation behavior
of Mgbased implants under physiologic and OA oxygen conditions. Beside the assessment of
degradation behavior, this investigation provides safe guidelines for coratemt of microparticles

to be applied in succeeding cell studies. Biological testing on the other hand, will be conducted to
evaluate the proliferation, viability and differentiation capacity of 9Qkhder the influence of Mg
microparticles.In order to assess the impact of Mg microparticles in aiding cartilage and bone
regeneration, ann vitro OA culture model has to be established and applied.

The thesis focused on the following objectives:

i. Characterizing the degradation of Ma@sed microparticles under physiological and OA
conditions.

ii. Creating an OA inflammation model by cytokine induction.

iii. Identifying and quantifying molecular markers associated with tissue regeneration (gene and
protein levels).

iv. Evaluating he nfluenceof Mg microparticles on S€Pcells in favoring chondrogenesis and
osteogenesis undanin vitro OA inflammatory phenotype.

This thesis hypothesizes the potential of Mg microparticles to stimulate both bone and cartilage
regeneration under physiological and pathological OA mimicking conditions.
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3 Materials and Methods

The main focus of this thesis is to understand the effect of Mg on the differentiation potential of
mesenchymal stem cells under different physiological and inflammatory conditions. In order to
achieve this, in the first place, the investigations were fmul to acquire knowledge on the
degradation rate of Mg and M4§Y-3Gd microparticles. Further, the study centered on the influence

of Mg and Mg4Y-3Gd microparticles on immortalized SCEells. For this, the investigations intended

to get information on tle degradation rate upon exposure to cells, and the studies spanned across

dzy RSNR Gl YRAY3I (GKS (G2EAOAGE OlF dzZASR o6& YAONRLI NI A
Table3 lists the analyses performed in this thesis.

Table3: Outlineof the analysis performed with the corresponding micropatrticles

Experiments Analysis Mg Mg-4Y-3Gd
Material characterization
In vitrodegradation a a
Determination of Mg in the culture a a
medium
Biological characterization
Impact of cell growth on degradatio a a
Determination of Mg" in the cell a a
culture supernatant
Cell viability analysis
Livedead assay a a
Lactate dehydrogenase
quantification
Confirmation of chondrogenic
differentiation a -
In vitroOA establishment a _
Differentiation study under OA a
conditions ~

3.1 Material Production and Characterization

3.1.1 Processing of Mgnicroparticles

Mg micropatrticles were prepared using Mg (99.985 %, MAGONTEC, Sydney, Australia) cast employing,
a permanent direct chill casting process. For the direct extrusion purpose, the ingot was machined
into cylinders of diameters 49 mm and lengths of 150 mm. Bilet was preheated for an hour
followed by the extraction process carried out at a speed of 0.11 mm/s using a die with four 0.8 mm
diameter holes. After extrusion, the cold wire drawing was performed with a step size of 0.05 mm
involving subsequent regstallization and annealing steps. This was performed for a period of 5 min

at 350 °C per step to achieve the final diameter of 0.5 mm. Material impurities were measured via
spark spectrometry (n=3) and are as showmatle4.
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Table4: Represents the major elemental impurities of Mg determined by spark analyzer

Impurity Fe Cu Ni
(wt.%) (wt.%) (wt.%)
Content 0.002 #0.0002 | 0.0015+0.0001 | 0.0013 +0.0003

3.1.2 Processing of MgtY-3Gd microparticles

Similar to the preparation of Mg microparticles, M¥3Gd microparticles prepared usirgg
(99.985%, MAGONTEC, Sydney, Australia) were melted and 4 wt.% of Yttrium (Y)(99%, Stanford
Advanced Materials, Birtcher, USA) and 3 wt.% of Gadolinium (Gd)(99.9%, Dr. Ihme GmbH, Berlin,
Germany) were added in to the molten Mg. This-BA3Gd melt was stred for 10 min and was
casted with the permanent direct chill casting process. The ingot was machined into cylinders with a
diameter of 49 mm and a length of 150 mm for the direct extrusion process. The cast ingot solution
was annealed for 8 h at 525 a@d quenched in water. Prior to the extrusion at 450°C, the billet was
preheated for 1 h. The extrusion was carried out at an extrusion speed of 0.2 mm/s and using a die
with four holes of @1.0 mm each. Cold wire drawing was carried out with a drawing slieps of

0.92, 0.82, 0.73, 0.65, 0.58, 0.52 and 0.50 mm. The recrystallization annealing was conducted for 5
min at 400 °C per step until the final diameter of 0.5 mm was obtained. Impurities of the materé&l
measured via spark spectrometry (n=3pare as showm Tableb.

Table5: Represents the elemental composition of M¥3Gd determined by spark analyzer

Gd Ni Y Nd Cu Si Be
Element | (wt.%) | (wt.%) | (wt.%) | (wt.%) |Fe (wt.%] (Wt.%) | (wt.%) | (wt.%)
252 + 3.53+ | 0.024+| 0.005+| 0.005+| 0.003+| 0.001+
Average | 0.10 | <0.015| 0.65 0.002 | 0.0004 | 0.001 | 0.003 | 0.0001

For the microstructure investigations, the small microparticles were embedded in epoxy resin
(Demotec 30®, Demotec DeneeK, Nidderau, Germany) and ground using 2,500 grit SiC paper at a
speed of 80 rpm. The investigated directions were longitudinal and transverse to the drawing
direction. For both directions, samples were ground to the center of the implants. Finallylesamp
were polished using water containing oxide polishing suspension,.a&@iffion (O.P.S. Oxléolier
Suspension, Schmitz Metallographie GmbH, Herzogenrath, Germany), at a speed of 80 rpm. Samples
were etched using picric acid solution (Kree et al.,4Ghd the microstructure was observed using

an optical microscope (Leica Wild M3Z). The shapes were investigated by SEM (TESCABBVEGAS3
Brno, Czech Republic) using the secondary electron detector at an accelerating voltage of 20 kV. For
this purpose, tle cylinders were attached to a specimen holder with an electrically conductive sticker
The casting was done by Gilinter Meister and Bjorn Wiese (Helmholtz Zentrum Hereon) and the
content analysisvasperformed byDaniel Strerath

3.1.3 Cleaning oMg-based microparticles

The produced Mgpased wires were employed to obtain Magsed (Mg and MgY-3Gd)
microparticles. An aghardened Mg4¥-3Gd tool was utilized as a punching mold for retrieving the
microparticles from the wire. Every punching of wire yielded 60 individuabpecticles. The average
length and diameter of microparticles were determined by optical microscopy (Leica Wild M3Z). The
obtained microparticles were cleaned iFhexane and acetone each for 20 min in an ultrasonic bath
(Branson 1210, Branson UltrasoniBanbury, USAjefore carrying out any experimentShereafter,

100% ethanol for 3 min was used as the reagent to remove every possible trace of impurities present.
Finally, the microparticles were sterilized in 70% ethanol for a period of 20 min. Soon after the cleaning
procedures, the beaker containirgferile microparticles were transferred to the clean bench for
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drying. For every experiment performed in this thesis, the microparticles were produced fresh to
obtain homogenous results.

3.2 Degradation rate determination of Méased microparticles under semi

static conditions

Degradation analyses in this thesis were divided into stearh and longterm studies and were
performed under the conditions of hypoxia (3% oxygen) and normoxia (20% oxygen)te®mort
degradation studies were performed for 3, 7, 14, 21 and 28 d. \inlgterm degradation studies

were performed for a duration of 42 d (6 weeks) and 56 d (8 wedk®). degradation rate of
microparticles were determined by initial weighing of particles accurately to 10 mg using a precise
weighing balance (RADWAG, Hild&ermany; model: MYA 2.4Y, S/N: 537265, precision 1.5 ug). The
weighed 10 mg microparticles approximating 26 individual particles were then proceeded for cleaning
and thereafter transferred to a clean bench (Herasafe, Heraeus Germany GmbH & Co. KG, Hanau,
Germany) for drying. The cleaned, dried 10 mg microparticles were then inserted into transwells and
placed into 24 well plates (Greiner Bome, ThinCerts, pore size 3 um) as showFRigure2. The
microparticle were then treated with 500 uL of DMEM (Life Technologies, Darmstadt, Germany)
supplemented with 10% FBS (PAA Laboratories, Cdlbe, Germany) and kept in the incubator (BBD 6220,
Thermo Fischer Scientific, Langenselbold, Germany) to igaéstthe degradation rate for the
specified period of time as mentioned above. Pure complete cell culture medium served as the
medium control. The medium was replaced every second(dag third day, respectivelyyith the

fresh media for pH maintenance (pH controlled by the carbonate buffer system). Replaced media were
measured for changes in pH (SENTRON ARGUSméte Fisher Scientific) and osmolality
6ahavy2Yld 1'dziz2zéx FTNBST Ay3 LEAGEnang)&nd additoaaByNaso D2 y 2
usedto measure the Mg in the supernatant by AAS. After the endpoint of the experiment (3, 7, 14, 21
and 28 d) samples were washed 3 times with subsequent water and ethanol (100%). The degradation
layers formed on the samples were removed using fresh chroniic(a80 g/L in distilled water) by
directly contacting the microparticles for a time period of 20 min. The microparticles were weighed
before and after chromic acid, treatment to find the difference in their weight. The obtained weight
difference was emplged in the calculation of the mean degradation depths (MDD) usingthe

Longterm degradation studies were performed adopting a similar procedure to that of gbort
degradation studies. The loAigrm degradation studies were carried out for 42 d (6 weeks) and 56 d
(8 weeks) in order to line up with the simultaneously pemiedin vivorabbit studies. Each biological
experiment (n=3) was performed with 6 replicates for concordant results. Microparticles for their
surface morphological view before and after degradation were imaged using optical microscopy under
different magniications (Leica WILD M32).

z

zA

000
where MDD is the mean degradation depth in um,
kY Aa (KS ¢SA3IKG f2aa Ay 3=
f is the unit conversion factor (10,000) to obtain mean degradation depth in um,
A is the surface area of the sample incand b is the density in g/ém
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g-based wire Zoomed view of the individual well

Figure2: Experimental setip for thein vitro degradation of Mgbased microparticles. Microparticles
were placed on transwell inserts (3 um pore size) and medium was introduced on it to analyze the
degradation rates.

3.2.1 Mg measurement in the supernatant

Quantification of Mg was performed by atomic absorption spectroscopy (A&Spreserve the
supernatants and minimize precipitations for AAS measurements, the samples were acidified with 1
% (w/v) nitric acid(suprapure) diluted in ultrapure HO. The mechanism involved in AAS
measurements is that the sample introduced is transformed into an atomic form in the flame. An
element specific wavelength passes through the flame and is absorbed by the Mg atoms. The
difference in light absorbance is then be deted. The acidified samples were further diluted (1:1000)

in 1 % HNQ@. Flame atomic absorption spectreter (Agilent 240 AA, Agilent Technologies,
Waldbronn, Germany) was used to detect the absorption at 285.2 nm, referring to the emission
spectrum of Mg.To quantify the resulting Mg supernatant concentratioas, extenal standard
calibrationcurve (0.051.00 mg/L Mg) was measured in advance. The standards were prepared with a
reference solution (Carl Roth GmbH+Co. KG, Karlsruhe, Germany).

3.2.2 Measurement of pH, Osmolality in the supernatant

The values for pH and osmolality were measured from the cell culture medium. When the fresh
medium was replaced every alternate day for the microparticles in culture, the old medium was
collected separately for the pH and osmolality measurements. lon tsendield-effect transistor

(ISFET) pH sensor (Sentron SI1600, Sentron Europe BV, Roden, The Netherlands) were chosen for
supernatant pH measurements. While the osmotic strength of the collected supernatants was

YSI adz2NBR dzaAy3d | FTNBKIYRWE (L2 dzie Qb a v2Y SIS Ny&Y p n
osmometer vials (Gonotec GmbH, Berlin, Germapiy).and osmolality valweof all 6 technical

replicates per independent experimenteasured in order to eliminate subtle variations that could

occur in individual experiments.

3.3 Biological characterization

3.3.1 SCP1L continuous culture

SCPL wasthe cell lines of choice for studying the compatibility studies (provided by Prof. Bocker,
MusculoskeletaCentre, University MunichT.he passages between-7@ were chosen for the studies

due to reports indicating that when used in early passages, there may be a tendency towards a lag
phase Generally, passages nearing 70 were in their exponential phase of growth with the potential of
differentiating into chondrogenic and osteogenic linedgesor SCR culturing, the cell stock
containing cryovial was taken out from liquid nitrogen storage, thaviast under 37C and

18



centrifuged at200 x g for 5 minutes. After centrifugation, the cell suspension was gently transferred

to the prewarmed medium (Minimum Essential Medium Eagle Y2 RAFTAOFI A2y b ME?
& S NJzVIEM+110% FBS)) in a culture flask placed into the culture environment (37 °C, 20%6 O

5% CQ 95% relative humidity). The culture medium was exchanged the next day to remove minute
traces of dimethyl sulphoxide (DMS&)d toremove the dead cell which will affect the growth of the

other healthy cellsused for cell freezinglhereafter, the culture medium was replaced and changed

every alternate day. Cells on reaching approximat8ly80% confluence, were trypsinized (dissociate
adherent cells from the vessel in which they are being cultured), counted (CASY Counter, Roche
Diagnostics GmbH, Mannheim, Germany) and used for respective experiments.

3.3.2 SCPL compatibility in presence of Mdpased microparticles via indirect transwell
setup

In order to evaluate the cellular growth and viability in response to microparticle degradatiosi, SCP
was cultured using indirect testing. To accomplish this, the monolayer et $€lIR (5000 cells/cfh

were cultured at the bottom of the well plate and microparticles on the top of the transwell insert
(Sarstedt AG & Co. KG, Nimbrecht, Germany, pore size 3 um) and was sandwiched by culture medium
as shown inFigure 3. Freshly prepared Mbased microparticles were sterilized for performing
biological tests as described$®ction3.1.1 3 and Gnicroparticles were used in order to expect a Mg
concentration below a toxic level. The degradation products of Mg angtWRGd microparticles

were biologically evaluated via immersion test and additionally?*Mgncentration was confirmed

using the elemental analysis via AAS (the procedure mentionsetiion 3.2.). While the impact of
released degradation products affecting cell viability was assessed through live dead staining and
lactate dehydrogenase assay as discussed in upcaeirtpn 3.3.3

Figure3: Indirect transwell insert setup fan vitro cytocompatibility assays.

The assumption of preonditioning microparticles under cell culture conditions was to create a
natural degradation layer on the microparticle to improve proliferation thereby enhanciairo cell

viability. Hence, the samplés form of 3 as well as 6 particle per insert and mL mediene pre
incubated into transwells that fit into 24 weblates, with 1000 pL of DMEM medium (Life
Technologies Fisher) supplemented with 10% FBS (PAA Laboratories) for 24 hours under physiological
cell culture conditionsFor the studies performed the Mg microparticles were preincubated to 24
hours, as challenges may be accompanied to long term incubdttmn experimental layout for the
cytocompatibility study is demonstrated Figure4.
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Figure4: Plate layout for cytocompatibility studies. MC refers to media control, MC +1L3€Rell
control, Mg is the magnesium microparticle apdeincub refers to overnight preincubation Mg
microparticles.

3.3.3 Impact of released degradation products on SCRiability

3.3.3.1 Cell viability staining

Cell survival in the presence of Ndgsed microparticles were determined using live and dead cell
staining involving calceiAM (Life Technologies GmbH, Darmstadt, Germany) for staining living cells
(green) and ethidium homodimek (SigmaAldrich Chemie GbhH, Munich, Germany) for dead (red)
cells. Additionally, the viability analysis was counterstained with Hoechst 33342 (blue) (Life
Technologies GmbH, Darmstadt, Germany) to indicate cell nuclei. Calcein AM, ethidium homodimer
1, and Hoechst 33342 were ditd in serumfree DMEM at 1 uM, 2 uM, and 2 pg/mL. The cells were
washed with seruniree medium after three and five days prior to staini@ne welplate per time

point was examinedlhe washed cells were further treated with the staining solution for a period of
20 min at 37C in the dark. After the incubation period, the cells were washed and the cell viability and
distribution were evaluated using a Nikon inverse fluorescence microscope (Ecigigdifon GmbH,
Dusseldorf, Germany) under different grafications A large scan of the whole well was taken as well
as 4 different images randomly distributed.

3.3.3.2 Quantitative assessment of the cytotoxic potential of Mgased microparticles to
SCPL cells

Cytotoxicity of the Mghased microparticles was assessed via Lactate dehydrogenase (LDH) release
into the supernatant. The enzyme LDH belongs to the class of oxidoreductases that is fairly stable and
is released on cell damage/toxicifgigure 5. The method is precise and is suitable to quantify
cytotoxicity in the culture medium via colorimetry involving catalytic interconversion of pyruvate and
lactate (redox reactions). The intensity of the purple color formed is directly proportional to the
enzyme activity.

The concentration of released LDH frosils inthe supernatant in was measured with the Cytotoxicity
Detection KitPLUS® LDH kit (Roche, Basel, Switzerland). Supernatants were collected on 3 and 5 days
of cell incubation respectively. The collected supernatants were transferred to a 96 well plate in
triplicates to a volume of 50 uL each, and incubated by adding another 50 pL reaction mix that consists
of a dye solution and diaphorase for 30 min in a kggnsitive environment at room temperature (RT).
Subsequently, the absorbance was measured at a waggh of 490 nm with an absorbance
microplate reader (Sunrise Tecan microplate reader; Tecan, Mannedorf, Switzerland). The DMEM
containing 10% FBS with SCPserved as cell control and lysed cells as negative control (lysis solution
provided in the Kkit).
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The appropriate concentration of the micropatrticles for the ldagnm differentiation studies was
determined from the aforesaid S€Rcompatibility studies. Percentage cytotoxicity is calculated
using the equation below.

~ z

POwoéoé wnReRew Eq.5

LDH
Lactate Pyruvate

NAD+ NADH

Diaphoras
Tetrazolium salt Formazan

Figure5: Lactate dehydrogenase assay principle. Dead / damaged cells release LDH converting lactate
to pyruvate. This reduces NAD+N&DH, which reduces tetrazolium salt into colored formazan.

3.4 Verification of chondrogenic differentiation

In order to verify the establishment of chondrogenesis in-$CQRe cells were cultured in medium
containing chondrogenic supplementshondrogenic medium consisted of DMEM with 10% FBS, 50
pm dexamethasone, 12.5 mM ascorbic acid, 100 mM sodium pyruvate, 2.6 mg/mL linoleic acid, 75
Ya LINRtAYSS mMnnE AyadzZ Ay GNIyaFTSNNAYy asStSyadzy az
i m Op@cired from PreproTech). Varying cell densities (100, 500, 2500, 5000 c8lis/ene
chosen in finding the optimal seeding density for ldegn chondrogenic differentiation studies. As a
result, 1000 cells / chrwere determined as the appropriate irat cell density and were cultured in 6

well plates with 12 microparticles (equivalent to the concentration of @ mM) placed in the
transwell on each well. 3 individual experiments (N = 3) were performed, out of which every individual
experimental setp comprised 6 technical replicates (n=6). Each well of the 6 well plates contained 4
mL culture media which were exchanged every alternate day until 28 d (time period of experiment).
DMEM containing 10% FBS on 8G#as used as the cell control. While 18AnvigC} extract with

SCPL cells were chosen as the reference standard of Mg in monitoring chondrogenesis.

A Control B Control + Chondrogenic
Supple.

C S Control + SCP-1 cells 3 Control + Chondrogenic
s D _
— 253 Supple. + SCP-1 cells

o o =)

E % Control + SCP-1 cells + Mg Control Chondrogenic Supple.
SO

+ SCP-1 cells + Mg

Control + Chondrogenic Supple.
+ SCP-1 cells + MgCl,

«XXI»
G Control + SCP-1 cells + MgCl,

Figure6: Eight conditions for chondrogenic verification studies (shown as single well in figure) were
analysed in @echnical replicates meaning every condition requires a completeléplate. Separate
6-well plate was dedicated for each time point per week within a 4 week long term study. Contr. Refers
to cell control, Contr.C is the chondrogenic control containlmgndrogenic supplements, Mg the Mg
microparticles and Mg€&ltefers to MgGlsolution used as a reference standard.
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Chondrogenesisvas confirmed through quantitative and qualitative analysis via Gene expression and
toluidine blue (T.B.) staining as describe&attion3.5.1 The qualitative confirmation was based on

the visualization of synthesized glycosaminoglycan through T.B staininghiso6 wells were
analyzed per condition per time poitwhile quantitative confirmation involved cell counting followed

by RTgPCR which includes stepwise procedures of RNA extraction, cDNA synthesis (as described in
the Section3.6) which leads to the evaluation of gene expression througlgfRIR (for relevant
chondrogenic markersCOL2A1, SOX9, ACAN, OPN, COL10A4 study was normalized to 6
reference genes namel\zAPDH, B2M, POLR2A, VCP, R&dBMC7 Per condition lysed cells of

two wells were pooled, resulting in three technical replicates per time point.

Verification of SGR differentiation into chondrogenic lineage preferentially (Mg microparticles with

the presence of chondrogenic supplements in the medium compared to other conditions) was a
supporting proof to proceed with further experiments on Mg rojarticles.

3.4.1 Induction and establishment of OA inflammation in SQRulture

To establishin vitro OA inflammatory condition, SEIB were treated with cytokines namelynt VA=
TNFh S+ OK mn y3akY[ Ayd2 S@OSNE ¢Sttt FT2NJ gKAOK h! )
ILmi YR ¢BEB dzaSR d@ySNHAAGAOIT & andDétaizdOd 2F G

inflammation profoundly®% As seen in the case of literature reports, any imbalance in cytokines
affects chondrocyte synthesis and degrades the ECM thereby destructing articular cartilage; the
condition termed OA. The confirmation of OA inflammation establishment was predictedghr
enzymelinked immunosorbent assay (ELISA) of the main inflammatory cytokines (Interleuk),6 (IL
Interleukin 8 (Ik8)) and chemokine (matrix metalloproteinase (MMP involved during bonint
destruction. The mechanism of ELISAs is with regardhé antigenbinding to enzymdinked
FYGAO2RASA YSIFadaNBR Al O2f 2NAYSIONRO | adaled ¢KS
which depends on the enclosed binding of two antibodies to the antigeg(@loudClone Corp, serial

No: 862B49792, Katy, TX 77494, USABI(CloudClone Corp, serial No: 4C416A983F, Katy, TX 77494,
USA), MMRAL (version:2.0.0 catalog No: abx152347, Abbexa LTD, Cambridge, UK) were performed as
per the guidelines of the manufacturefo briefly explain, a capture ahody is immobilized on a
surfacetreated microtiter plate. After the incubation with the test sample that contains the target
protein, a second antibody (detection antibody) is added that is directed to another binding site of the
protein. In this step, tie target protein is sandwiched between both antibodies. In the next step, a
reporter enzyme is added to each sample to catalyze a color reaction that was measured
spectrophotometrically at 450 nm in a microplate reader (Sumri$ecan microplate readergetan,
Mannedorf, Switzerland)Protein standardvasreconstitutedto prepare standard stock solution. A
sevenpoint standard curve using-@ld serial dilutions in 1X Blocking Buffer as mentioned in the
datasheet.

3.4.2 SCP1 response exposed to Mg microparticles und@A inflammatorycondition

In order to predict the response of inflamed SCRells in presence of Mg microparticles, OA
inflammation conditionin vitro was established as described previouslySaction 3.4.1 The
experimental design is illustrated gure?. As evidenced from the chondrogenic verification studies
Section4.4 for the reduced cell viability towards week 4, the SiCifferentiation study was carried
forward for a duration of 21 d (3 weeks). The entire differentiation studies were performed under
normoxia owing to the negligible difference in results revealednfrine biocompatibility studies
(degradation analysis, cytotoxicity assessment as descrilfgeatord.3). DMEM containing 10% FBS

on SCH was used as the cell control (Contr.). DMEM containing 10% FBS with chondrogenic
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supplements served as chondrogenic control (Contr.C), while DMEM containing 10% FBS with
2308238y A0 &adzli SYSyiGa o glycaropfosphd®eS1B0 nWiSitarkin Bahy S =
100 uM Lascorbic acid -phosphate (all from Sigma, Munich, Germany)) wesdsteogenic control
(Contr.0). On the other hand, DMEM containing 10% FBS in the presence of cytokines (OA) indicated
the typical OA condition. While DMEM containing 10% FBS presented with Mg microparticles (Mg)
was the Mg reference control for the studiyor the controls mentioned, DMEM containing 10% FBS

in the presence of cytokines (OA) treated with Mg microparticle (OA + Mg) was the condition of
interest.

Likewise mentioned in the verification of chondrogené&sstion3.4. Every week a set ofell plate

of above mentioned each condition was taken out and tested for chondrogenesis/osteogenesis
qualitatively and quantitatively as shownhigure?7. Visualization of glycosaminoglycan synthesis, as

an indicator of ECM produced by stem cell differentiating into chondrocytes, was confirmed by T.B
staining. While Gacontaining deposits, by stem cells differentiating to ostlasts, were qualitatively
confirmed via alizarin red S (ARS) stait8egtion3.5.2 Further, stem cells favoring chondrogenesis
/osteogenesis were quantified by gelating the cell number to the RNA extracted. Following RNA
extraction, cDNA was synthesized and finally the synthesized cDNA was evaluated for specific gene
expressionsection3.6.

¢ \\ \ SCP-1 cells representing Introducing Mg microparticles Experiments performed on 7, 14
l / inflammatory OA phenotype to treat OA phenotype SCP-1 3 and 21 days

Toluidine Blue staining
Alizarin Red S staining
Gene expression

Mg concentration

in vitro cells in vitro

M IL-1B and TNF-a each 10 ng/mL

Healthy SCP-1 cells

Bwne

Figure7: Experimental setup: Induction of inflammatory conditions in JCGRrlls for 3 weeks with
subsequent analytical procedures.

3.5 Qualitative confirmation on chondrogenesis / osteogenesis

3.5.1 Toluidine Blue staining (T.B staining)

The presence of glycosaminoglycans (GAG) were confirmed via T.B staining. After eveopeveek
plate per condition were treated with T.B stain (Sigrldrich, T3266G, CAS 921-9) and visualized

via Nikon inverse fluorescence microscope (Eclips®; Nikon GmbH, Dusseldorf, Germany). The
GAGsand cell nucleivere stained bright blue indicating chondrogenesis. The dye was prepared by
solubilizing 0.1 wt/vol % of toluidine blue in ukpaire water type | and further filtered using filter
paper. Foremost &r the staining solution preparation, the solution was analyzed for pH. Generally,
the pH of T.B solution should be around 2.3 and less than 2.5 to avoid diminished contrast on imaging.
The cells were washed in PBS and fixed in formaldehyde (4%) fas&B@min before staining. Later

the T.B staining solution was introduced onto the cells covering the entire cells for a time period of 15
min at room temperature. The stained portions were washed with ufitae water type | for 3
consecutive washingsqtwash off the stained solution completely) from the well plates. Thereafter
the cells were investigated for the presence of GAGs under an inverse microAdapge scan of the
whole well area as well as 4 randomly picked images were taken.
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3.5.2 Alizarin Red S staining (ARS staining)

The stem cells differentiate to osteoblasts was visually confirmed by ARS staining. Adidasian
anthraquinone derivative, commonly used to determine calcium deposition by osteocytes in
differentiated culture. ARS is versatile due to the ability of extracting dye from the cell monolayer.
Formation of bright red color is the end product which i€ da the chelation of calcium and ARS to
form ARSalcium complex. For the performed differentiation studies, a plate comprising of controls
samples and theample of interest were treated by ARS staining solution and viewed under different
magnifications under Nikon inverse fluorescence microscope. In brief, the plates were taken out after
each week of differentiation and were washed with PBS. The plates there fixed with 4%
formaldehyde at room temperature for 15 min. After the fixation cells were washed with an excess of
distilled water and stained with 40 mM of ARS solution for 20 minutes at room temperature.
Thereafter cells were washed with ultrapureater Typel in order to remove the excess stain. Cells
were lastly microscopically monitore@he extent of osteogenesis was qualitatively determined by
the orangishred stain absorbed in cells when viewed under microscope.

3.6 Evaluation of gene expression favoring chondrogenesis/ osteogenesis

3.6.1 RNA Extraction

In order to quantify the gene expression, cells need to be initially subjected to RNA extraction
proceeded by cDNA synthesis. The RNA for extractiorestimated based on the cell number. An
adequate number of cells were required for RNA extraction. Hence, in this thesis, the adjacent two
wells of the 6 well plate were pooled to obtain three technical replicates with the required sample
amount of pure RNA to itiate the cDNA synthesis. The RNA extraction and purification was
performed using the RNeasyini-Kit (Zymo research QuigRNA Miniprep, Cat NoR1055). The RNA
easy technology consists of the selective binding of RNA to a-lslssd membrane, while
contaminants are washed away using microspin technology. The binding of the RNA to the silica
membrane is Bhanced by the use of a specialized kigitt buffer system and ethanol, and the
centrifugation forces the solution to pass through the membrane. Washing the membrane for
removing any kind of impurities, the RNA was eluted from the column by usingtoevsalt buffers

or water.

Furthermore, the trizok-containing agent was used during the homogenizatiéreellsin order to

break the cells and allow the access to RNA. The concentration of RNA was determined by measuring
the absorbance at 260 nm (A260) in Nanodrop instrument (NanoDrop 2000, Thermo Fisher Scientific,
Bremen, Germany).

NanoDrop 2000 spectrophotometer are designed to measure specifically nucleic acid concentrations
in smallvolumes (1 pL). Since RNA together with nucleotides, ssDNA, and dsDNA all absorb at 260 nm,
it is possible to determine the concentration of those molecules without the need of reagents that
generates a colored solution.

A260 readings should be higher than 0.15 for precise result interpretation. The ratio of the readings
at 260 nm and 280 nm (A260/A280) estimates the purity of RNA. A pure RNA has an A260/A280 ratio
of 1.9-2.1. Different values indicate the presence ofitaiminants such as phenols, proteins or nucleic
acids. Samples with values out of the mentioned range warteused. The obtained purified RNA

could be usedlirectly orstored at¢80°C, without losing its integrity for at least a year.
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3.6.2 cDNA synthesis

The isolated RNA from three independent biological experimental sets were transcribed into
complementary DNA (cDNA) by quantitative reverse transcription polymerase chain reaction. Reverse
transcriptase enzymes are generally derived from RbiAtaining retoviruses and are multifunctional
enzymes with 3 distinct enzymatic activities: an Rid¢dendent DNA polymerase, a hybddpendent
exoribonuclease (RNase H), and a Ealdpendent DNA polymerase. Omniscript reverse transcriptase,

a recombinant heterodimerienzyme expressed . coli, was used in this thesis for cDNA synthesis
(Qiagen Cat. No. 205113). All chemicals and samples were kept on ice and the working area was
nucleasefree while performing the cDNA synthesis.

To begin with the cDNA synthesis, the template RNA extracted were thawed on ice. A master mix
solution was prepared for all the reactions performéchifle 6). The solution was thoroughly and
carefully mixed. Further, 8 pL of the master mix solution were transferred to the tubes as reactions
were performed, and RNA template was added to ithaividual tubes. The minimum recommended
RNA amount per reaction is 100 ng. Therefore, 12 uL of each RNA template were individually added
to the tubes containing the master mix. The tubes were incubated for a period of 60 mirCain3he
thermocycler for the reverse transcription reaatioThe obtained cDNA was frozen-80 C or used
immediately for gene expression studies Figure8).

Table6: Composition of the master mix used for reverse transcription of RNA isolated frorh. SCP

Master mix composition Volume (uL) Final Concentration
10x Buffer RT 2 1x
dNTP mix (5 mM each dNTP) 2 0.5 mM each dNTP
OligodT primer (10 uM) 2 1uM
RNase inhibitor (10 units/pL) 1 10 units (per 20 L

reaction)

Omniscript reverse transcriptase 1 4 units (per 20 uL reaction
RNaseree water Based on calculation
RNA template Based on calculation 200 ng
Total 20

3.6.3 Quantitative reversetranscriptionpolymerase chain reaction (RGPCR)

Gene expressiorsnalysis wasised to quantitatively assess the response of-$@Rferentiationto

Mg microparticle under OA condition¥he technigque of RTgPCR allows a reliably and accurately
quantification of the initial amount of template DNA present in the samplé& underlying theory
consists of the amplification of specific sequences of the DNA templates by DNA polymerase in
combination with a fluorescent nucleic acid dye binding to dowdttand DNA (new strand) sequences
increasing its intensity. The DNA amipkfexponentially during several PCR cycles, each one consisting
of three steps required for DNA synthesis: (1) denaturation of the template or uncoiling into single
strands; (2) annealing of primers from each original strand to produce new strand sgniiésived

by (3) extension of the newer DNA strands from the prinf€eble7).
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Figure8: cDNA synthesis arfiFqQPCR

1. Denaturation (strand separation)The solution in the tube is heated to 94 to 95°C using a
thermocycler. As a result of heat the hydrogen bonds of tHiggimal DNA sample break and
separates the DNA into single strands (this is termed denaturation of detiisleded DNA).

2. Annealing primer binding): Temperature is lowered (45 to 60°C) which facilitates the DNA
primers to attach to the template DNA.

3. Extendon: Strands joined together, forms a new complementary strand of DNA (termed
extension of the DNA, generally at 72°C). Thus, a new duplicate dewdheied DNA
molecule has been formed from each of the single strands of the original sample molecule.
The cyclds then repeated about 30 to 40 times using the thermocycler which repeats the
heating and cooling cycles of the process automatically. DNA sequence is doubled each time
when the heating/cooling cycle is conducted by the cycler. Thus, a sihgte segment of
DNA from one sample can be amplified to form millions of copies after specified doubling
cycles.

For investigating the marker expression pattern in the differentiation studygfROR was
performed involving specific chondrogenic / osteogenic markers. The principle involved is that as
the doublestranded amplicons are produced, the fluorescence ofdye increases until reaching
detectable values by RJPCR thermocycler CFX96 Touchtiea PCR detection system (Bio Rad,
Munich, Germany; version 3.1 and CFX Opus 96 real time PCR detection system). The primers were
chosen related to the sequence of tlygene of interestFor the purpose of calculating relative

gene quantification, genes were selected whose activity is not influenced by any conditions
(reference genes). Variations on the gene expression under the influence ebtitbtions of

interest (Contr.C, Contr. O, Mg, OA + Mg) were normalized to the control condition (Contr).

The same amount of DNA (1 ng/pL) and 3 reference genes were used in all the cases for obtaining
precig results. The reference and target genes evaluated were selected from the literature. The
study was normalized to 3 reference gené§PDH, B2Mand EMC7 Chondrogenic markers
involved wereCOL2A1, SOX9, ACAN, OPN, COMdiflthe osteogenic markers of interest
analyzed werdMP2, BMP6, OC, ALP and RUa®&ken inTable9. Results were calculated with

CFX Manager Software 3.0, using tha J€g method, expressed as a relative gene expression
value normalized to the control samples in the differentiation medium. Reactions were performed

in triplicate (3 reactions per experimental replicate). The primers, DNA and water were added to
Master Mix, in a final volume of 32.5 puL4ble8). Every reaction was performed in triplicates by
distributing 10 pL each in 96 well platésgure9).
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Table7: Steps involved in the RPCR procedure.

RTPCR Steps Supermix Sybr green
Temperature Time Temperature| Time (min)
9 (min) (9
EnzymeActivation 95 3 95 10
Denaturalization 95 0.20 95 0.25
of DNA
Cycles| Annealing of 62 (Primer 0.20
primer dependent) 1
Elongation 75 0.30 60
95 15 95 0.25
Melt curve 65 to 95 6510 95

1 2 3 4 5 6 7 8 9 10 11 12
Negative Control (gene + water) AL NN 88

Contr. (3 samples, 9 replicates) = W

Contr. C (3 samples, 9 replicates) C/'\/\/\/\/'\/\ QQ
Contr. O (3 samples, 9 replicates) D CNCNCNCNENCNC N NN OO

Mg (3 samples, 9 replicates)

OA (3 samples, 9 replicates)

OA + Mg (3 samples, 9 replicates)

Figure9: Plate layout for PCR quantification in a week for one biological experiment. Negative control
refers to the respective primer pair with water and devoid of the samifihés plate layout is valid for
each analyzed gen€ontr refers to SGP cells, Contr.O: cells in osteogenic supplements, Contr C:
Chondrogenic supplements, Mg: SCRells in presence of Mg, OA: SCeells induced with
inflammatory cellular reaction resembling OA, Mg + OA: inflammatory cellular resesembling OA
induced on SCP cells in presence of Mg.

The relative gene expressions were calculated based on the cycle at which the fluorescence is detected

by the thermocycler, (quantification cycle, Cq). The method used wasgiper2/ Ij o[ ADF 10 aSi
which assumes a 100% efficiency of both reference argktagenes. The calculations performed with

this method were as follows:

MU Y 2NXIf A I I GA2Y (t8sh = CRaFgetNS&SyCBefl, BS)YERD n/ |j
HO Y2NXIE AT GA 2 ycalibratof/iconiof withiikhowhdoréntratioh hf analyte=Cq
(target, calibrator); Cq(ref, calibrator)

Eq.6
00 Y2NXIFEATFOGAR2Y 2F p/lj 27F Gdrbiton,Sap/ BRI NVLXIS aaSadb
nl/li o060FfAGNI G2ND Eq.7
4) calculation of the expression ratio €2 n / |j Eq.8
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Table8: PCR Master mix compaosition.

Each sample was plated 3 times in a 96 well plate

Master Mix composition Volume (pL) Volume (pL) in triplicates
Ssofast evagreen (2X)
Fast SYBRGreen master mix 5 16.25
(2X)
Forward primer 0.5 1.63
Reverse primer 0.5 1.63
cDNA template 0.125 4.0
RNase free water 0.125 9.0
Total 10 32.5
Table9: Primer sequences with base pairs used in performingQ&R
Genes Amplicon Forward Reverse
length
Reference Genes
ER membrane 190 GACTGCCCTATCCTCTCC, TGCTCCATTTCCCGTCT
protein
complex
subunit 7 EMC
7)
Beta 2 201 CTTTCTGGCCTGGAGGCT AGACCAGTCCTTGCTGAA
Microglobulin
(BMP2)
Valosin 188 GCAGTTGTTCCGAGGTGA TGCCGTACTTCACATCACG
containing
protein (VCP)
Ribosomal 170 CTGAAGATCCTGGTGTCG( GCCACAAAGCGGAAACT(
protein L 10
(RPELO)
RNA 231 ACGCTGCTCTTCAACAT( GGCAGACACACCAGCAT
polymerase Il
subunit A
(POLR2A)
Glyceraldehyd 186 GAGAAGTATGACAACAGC( GCCATCACGCCACAGTT
e-3-phosphate
dehydrogenas
e (GAPDH)
Gene of Interest
180 AGACTTGCGTCTACCCCA4 GCAGGCGTAGGAAGGT(C
Collagen
type Il alphal
(COL2A1)
SRY 121 AGACCTTTGGGCTGCCTT/ TAGCCTCCCTCACTCCAA
(SexDetermini
ng Region Y)
Box 9
(SOX9)
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Aggrecan 104 TTCACCTCCAGGGAGAG({ ATACATTCAGCTGCGGT]
(ACAN)
Osteopontin 237 CGAGGTGATAGTGTGGTTT GGTTTCAGCACTCTGGTC
(OPN) G
Collagen type 125 AAACCTGGACAACAGGGA CGACCAGGAGCACCATA
X alphal
(COL10A1)
Bone 140 ACCCGCTGTCTTCTAGCG| CTCAGGACCTCGTCAGA
morphogenetic
protein 2 (BMP
2)
Bone 159 AGCGACACCACAAAGAGT| GCTGATGCTCCTGTAAGA
morphogenetic GA
protein 6 (BMP
6)
Collagen 146 AAGACATCCCACCAATCA( GCAGTTCTTGGTCTCGTC
type | alphal
(COL1A1)
Osteocalcein 123 CGCTACCTGTATCAATGG( CTCCTGAAAGCCGATGTG
(OC) A
Alkaline 161 ACCTCCTCGGAAGACACT( GGCCCATTGCCATACAG
phosphatase
(ALP)
Runtrelated 112 CAGTAGATGGACCTCGGG ATACTGGGATGAGGAAT(
transcription
factor 2
(RUNX2)
human 413 ATGTGACGGGCGCGTACG| GGCTGGAGGTCTGTCAAC
telomerase
reverse
transcriptase
(hTERY

3.7 Statistical analyses

The complete experiments in this thesis were performed for three independ&atogical
experiments (Set 1, 2 3) with the mentioned numbers of replicalags means every experiment in

this thesis were performed for three individual sets and the technical replicates varied from 3 to 6. For
the degradation test by weight loss and the related measurements (pH, osmolality) six replicates were
used. Biocompatiltity experiments were conducted with three different biological experiments with

each set containing three replicatdsLISA for each condition of a set was conducted by utilizing three
replicates Differentiation studies were performed with 6 individuaplicates in a set, where 2 of the

wells were pooledtherefore technical replicates n = 3) for adequate RNA extraction. ELISA for each
condition of a set was conducted by utilizing 3 replicates. While PCR contained a total of 9 replicates
in a set, hence of all the 3 biological experiments comprised 27 leamphe data presented were
analyzed using Prism (version 6, GraphPad Software, La Jolla, USA) with different statistical tests, and
is stated under the respective figure. Three different biologicpkerments were subjected to two

gl & 1 bh+x! gAGK ¢dzZl SeQa YdzZ GALIX S O2YLI NR&az2y GSai
the homogeneity within experiments. The results were taken to be significant at a probability level of
p <0.05.
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4 Results

4.1 Microstructure of Mgbased micropatrticles

The microstructure of the M@ased microparticles is depictedhigurel0. Micrographs captured on
sections parallel to the longitudinal axis of both Mg microparticles aneddM8Gd microparticles
revealed numerous twins. These twins, cighaped grains, are abundantly present at each end of the
microparticle. Their formatiomccurs during the material's plastic deformation from punching. The
SEM image of a Mg microparticle is illustrateéigurel1(A), displaying a smooth surface morphology

at the center and scratches along the edges. The process of punching the wire to produce the
microparticles has slightly curved their shape.

FigurelO: Themicrographsof Mg microparticles (A&B), thaicrographsof Mg-4Y-3Gd
microparticle(C&®). Courtesy of Bjorn Wiese

4.2 Degradation behavior and characteristics of Mg microparticles

4.2.1 The degradation rate of Mgnicropatrticles

Figurel1Bshows the degradation rate of Mg micropatrticles. The weight of the microparticles (10 mg)

were chosen for thaelegradation study based on the results obtained from the Mg disc degradation
SELISNAYSyYyi(ia LISNF2NY¥SR SENIASNI AYy 2dzNJ f 1 6d ¢KS a-
f SyaidkK FYyR Fndp YY AY RAFYSGSNE I yRrtSackeke YA ONE |
reproducible results throughout the study, use of constant number of microparticles with comparable

weights were essential. It was decided to use 10 mg of microparticles (approximating to 26 individual
particles) for the degradation study.
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7 Hypoxia : Y =0.9270*X + 2.261 R2=0.9577
Normoxia: Y = 0.9608*X + 1.813 R2=0.9595
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Figurell: A) SEM micrographs of Mg microparticles (drawing surface of microparticles) B) Plot of MDD
versus timemean ++ SD(n=18). The dots are overlaid with linear regression line.

The microparticles were placed inside transwell inserts which were kept in the well plates. The cell
culture media for performing the degradation studies were introduced from the top of the transwells.
Each experimental condition was repeated 3 times, @uwhich every biological replicate contained

6 individual technical replicates (replicates in one study group at aiore point) for reproducible

data evaluation. An analysis to reflect the oxygen content in healthy and inflamed joints led the
microparicles being exposed under two setup conditions, namely hypoxia and norntbyi@xic
conditions (3%) with a low oxygen content are found in inflamed joint conditions, while normoxia
(with 20% oxygen) is found in normal jogunditions

The degradation study was performed via the mass loss method from 3,7, 14, 21 to 28 days. Not much
noticeable difference in degradation was observed between hypoxia and normoxia. The degradation
rate of Mg microparticles under hypoxia was found to be 8.88n/a and that under normoxia was
0.350 mm/a. To further justify the mass loss results, Mg quantification was performed from the cell
culture supernatant (released Mg from the microparticles during degradation), which led to consistent
conclusions with th results obtained from degradation studies. In addition, the pH and osmolality of
the supernatant were measured revealing slightly higher pH, and osmolality levels after microparticle
exposure in culture medium under normoxia compared to that of hypogiar®wn inTable 8 The
microparticles before and after (after removal of degradation layer via chromic acid treatment)
immersion test was observed by optical microscopy as showigimmel2.

In order to relate thein vitro data with the simultaneously conducteid vivo study, longterm
immersion tests were performed for a time period of 42 days (6 weeks) and 56 days (8 weeks). The
study undertaken for 42 dayedicatd a slightly higher degradation rate under normoxia compared

to that of hypoxia. However, the degradation test for 56 days resulted in few microparticle traces
under hypoxic conditions, and resulted in complete degradation of microparticles exposed to
normoxia. Due to the insufficient size of microparticles obtained after 56 days of immersion in culture
medium, it was impossible to perform chromic acid treatment for quantifying the degradation rate of
microparticles [Figurel3).
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Tablel10: The pH, Osmolality and the % loss of Mg in the cell culture supernatant under hypoxia and
normoxia measured after an exposure time period in days. Control refers to medium cell culture.
Mean + SD is calculated from thremlividual experiments, (six samples each, n=18)

Time (d)
Parameter | Condition
3 7 14 21 28
Hypoxia 7.65+0.27 |7.81+0.19|7.85+0.22 [8.16+0.04 8.21+£0.03
pH control
Normoxia |7.84+0.25 |8.05+0.06 |[8.13+0.07 |8.18+0.04 8.31+£0.04
Hypoxia 8.04+0.01 [8.09+0.07 |8.09+0.07 |8.29+0.66 8.26 £ 0.02
pH
Normoxia [8.10+0.05 [8.30+0.29 [8.22+0.06 |8.29+0.16 8.38+£0.11
Hypoxia 0.32+0.01 |0.33+0.01 |0.34+0.01 |0.35£0.01 0.38 +£0.03
Osmolality
control
[osmol/kg] .
Normoxia [0.32+0.02 |0.34+0.02 |0.37+£0.02 |0.40+0.01 0.41 £0.02
Hypoxia 0.36 £0.02 |0.38+0.02 |0.45+0.01 |0.45+0.02 0.44 +0.01
Osmolality
[osmol/kg]
Normoxia [0.35+0.01 |[0.39+0.01 [0.46+0.03 |0.47 £0.02 0.46 £ 0.01
Hypoxia 6.16+0.84 |9.45+0.28 |11.16+1.26 |13.58+0.34 |19.42+0.60
Mg loss (%)
Normoxia |6.99+0.87 [9.79+0.42 |11.77+0.64 |13.99+0.33 |20.29+ 0.50
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Figure12: Images represent surface morphology of degraded Mg microparticles exposeellto
culture medium DMEM + 2O0FBSormoxia and hypoxia from day zero until day 42. Scale bar: 200
pm.
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Figurel3: Long term experiments were carried out for 42 and 56 days with 6 technical and 3 different
biological experiments. MDD plotted against expostinee of microparticles under hypoxia and
normoxia. MDD calculated as mean + SD (from three biological experiments with each containing 6
technical replicates, n= 18 (N=3, n= 6*3=18)
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4.2.2 Measurement of the degradation rate of Mg Y-3Gd microparticles

Figurel4 shows the MDD of MgY-3Gd micropatrticles after exposure for 3, 7, 14, 21 and 28 days.
Mg-4Y-3Gd microparticles demonstrated marginal hike in degradation under normoxia 0.355 mm/a
compared to hypoxia which was 0.345 mm/a.

497 Hypoxia : Y =0.9465*X + 2.971 R?=0.9205

Normoxia: Y = 0.9723*X + 4.670 R?=0.8375

20+

Mean Degradation Depth (.m)

104
an
3

10 20 30 40
4 Hypoxia Time (Days) Normoxia

Figurel4: Mean degradation deptlof Mg-4Y-3Gd microparticlesersus exposure time. MDD: mean
+ SD from three individual experiments with six samples each.n=18

The results revealed that the alloying additions slightly promoted degradation when compared with
the Mg microparticle degradation. While a comparison on the degradation with respect to the oxygen
conditions, normoxiaeem todominate degradation over hypoxia which was observed as a general

trend from the results of Mg and MgY-3Gd microparticles.

Further confirmation was obtained by quantifying the Mg concentration in the supernatant which
supported the mass loss resulffable11). In addition, the changes in pH and osmolality recorded
higher degradation under normoxia compared to hypoxia as se€abitell. Qualitative confirmation

of degradation was obtained via optical microscopy of microparticles (prior and later to chromic acid
treatment) as shown ifrigurel5.

Table11: The cell culture supernatant pH, Osmolality and the % lo$dgs#Y-3Gd microparticles
under normoxia and hypoxia after an exposure time period. The values recorded present the mean +
SD from three individual experiments with six samples each n=18.

Time (d)
3 7 14 21 28

Parameter | Condition

Hypoxia |7.54+0.07 |7.51+0.18/7.65+0.06 |8.01+0.04 |8.04+0.04

pH control
Normoxia |7.78 £0.20 |7.64+0.15(7.78£0.12 |8.04+£0.06 |8.06+0.15
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Hypoxia 7.82+0.14 |8.01+0.23{8.12+0.08 |8.33+0.03 |8.26 +0.16
pH
Normoxia |7.95 +0.13 |8.37 +0.36/8.14+0.07 |8.36 +0.19 |8.33+0.08
Osmolality| Hypoxia [0.32+0.01 |0.35+0.01/0.34£0.01 |0.36+0.02 |0.41+0.01
control
[osmol/kg] | Normoxia |0.32 +0.02 |0.35+0.01/0.37 +0.02 |0.40 +0.01 |0.40 + 0.02
Hypoxia 0.36 +0.02 |0.46+0.01{0.45+0.01 |0.48+0.01 |0.42+0.01
Osmolality
[osmol/kg]
Normoxia |0.38 +0.02 |0.47 +0.02|0.46 +0.03 |0.49+0.01 |0.47 +£0.03
Hypoxia 7.90+0.24 |9.63+£0.04 {12.24+0.06 |13.83+0.10 |19.75-0.21
Mg loss (%)
Normoxia | 8.21+ 0.08 |9.84+0.23 |13.46+0.86 |14.69+0.70 |20.58+ 0.67

35




| @ hypoxia day 3 @ normoxia day 3

@ hypoxia day 7 @ normoxia day 7

&

@ day zero

@ hypoxia day 14

'@ma_m_i
@ Iiypoxna? Fnormoxla day 21

@ hypoxia day 28 @ normoxia day 28

‘

Figurel5: Surface morphology of M§Y-3Gd microparticle observed under optical microscopy before
(day zerornd after the chromic acid treatment. Scale bar:200 um.

4.3 SCPL response to Mg and Mg Y-3Gd microparticles

4.3.1 Cell viability and proliferation

4.3.1.1 Response to Mg microparticles

Figurel6 and Figurel7 depicts SCR viability and proliferation after exposure to Mg microparticles
under physiological (20%) and reduced (3%) oxygen conditioes ifldependentexperimenswere
conducted on 3 and 3" day, each experiment in the presence of cells consisted of 3 technical
replicates. The purpose of the experiment was to understand the influence of released degradation
products affecting the cell viability, and this was determined qualitatively bydikeael assay, and
guantitatively by measuring the release of lactate dehydrogenase fromaftdisshort term (3 days)

and prolonged exposure (5 days)

Livedead assay of 3 days revealed that the -3@Rlls cultured under every condition adhered well
with specified morphologies at the culture plate. The number of dead cells was less in case of 3 Mg
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compared to 6 Mg at day 3. Among all the conditions on day 3, control cells exhibited the minimal
number of dead cells. In contrast, a greater number of dead cells were noticed with 6 Mg.

Towards day 5, the cells grew widespread on the culture substrate surface. The number of dead cells
rose in 6 Mg compared to that of 3 Mg micropatrticles revealing a-dffeet relationshipConsidering

the overnight incubated microparticles (intended to improve cell viability), -nomogeneous
distribution of live and dead celNgasnoted which lacked a generalized statement for interpretation.
Determining the concentration of Mg in 3 and 6 microparticles, the supernatant from the 3 and 5 day
experiment wee quantified. The results revealed-40 mM of Mg with 3 Mg microparticles and-11

24 mM with 6 Mg particlesHigurel8).

With the assumption that the presence of SCRells has an impact on the degradation of Mg
microparticles, immersion test was performed on the microparticle samples which were subjected for
compatibility analysis. Any impact of SCBells on Mg micropaidle were understood by comparing

the MDD values obtained from Mg microparticles in presence oflSG® that of Mg microparticles

in the absence of SEPcells. The obtained results revealadiaclination towards faster degradation
undernormoxiacan be repeated as shown kigurel9. A comparison made between microparticles

(3 and 6 microparticles) on indirect contact with SK3Pwith that of only microparticles (with the
absence of SCPcells) revealed no obvious difference in degradation.
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Hypoxia

SCP-1 Control

SCP-1 + 3 Mg Preincub

SCP1+3 Mg

SCP-1 + 6 Mg Preincub

SCP-1 + 6 Mg

Figurel6: SCPL cell viability under hypoxia in presence of Mg microparticles®tem@l 5" days. Viable
cells were stained greeudlcein AM) and dead cells appeared red (ethidium homodifr)eEnlarged
image represents HOECHST (nucleus). Scale B&6 igm and scale bar for the enlarged image

representsS0 nm.
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Normoxia

SCP-1 Control

SCP-1 + 3 Mg Preincub

SCP1 + 3 Mg

SCP-1 + 6 Mg Preincub

SCP-1+6 Mg

Figure17: SCPL cell viability inthe presence of varyingoncentrationsand constitutiors of Mg
microparticles under normoxia ahe 3 and 5" days.The scaléar is100 pm.
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Figure18: Concentration of MgmM) in the cell culture supernatant. A) 3 and 6 microparticles CF
refers to cell free B) 3 and 6 microparticles in presence of cells. The results were obtainedwmytwo

ANOVA (n
>Q.001; and **** = pi).0001.Mean + SD calculated from 3 independent experiments.
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Figure19: MDD of Mg microparticles under hypoxia and normoxia @raBd 5" day. (A) 3 Mg and 6

Mg microparticles. CF refers to cell free (B) 3 Mg and 6 Mg micropatrticles with the presencelof SCP
cells. The results were obtained via @y ANOVA (n=9)(n=9; 3 technical replicates per 3
independent experiments) = p).05; ** = piQ.01; *** pX).001; **** = p)i).0001.

According to the theoretical explanation, piecubating microparticles overnight results in the
adherence of initial reactions into the cell culture media, facilitating a reduction in the release of
degradation products and promoting better cell viabilithe hypothesis behind piacubation aimed

to diminish the initial burst of particle degradation before indirect cell contact, thereby minimizing the
release of degradation products into the cell culture medium and potentially enhancing cell viability.
After undergoing an overnight incubation procedure, the microparticles were included in- toed3
5-day studies alongside others. The preincubation process was found to enhance cell viability.
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However, theobservations at day 5 did not support the initially formulated hypothesis that
preincubation significantly improves cell viability.

4.3.1.2 Assessing Cytotoxicity and Degradation Patterns of-#g3Gd Microparticles in
SCFPL cells

Similar to the cytocompatibility analysis in presence of Mg microparticles}Y¥8§>d microparticles

were subjected for assessing SCBompatibility. The cytocompatibility analysis were performed for

3 and 5 days under hypoxia and normoxia as se€igme20andFigure21. From the images, a dose
response relationship is evident; cells exposed to 2AMGGd microparticles showed a higher rate of
plasma membrane compromise compared to those exposed to AWRGd microparticles, as
observed in the lactate dehydrogenase assByese findings were consistent irrespective of the
oxygen levels. However, it was seen that greater number of dead cells were obtained in the center of
the transwells which may be due to the deposition of microparticles more at the center. Increase in
number of dead cells showed a positive association to the exposure time; longer the exposure time
greater is the number of dead cells. Microparticles preincubated with the intention of cell viability
betterment could not serve the purpose which is evidemnir the Figure 20 and Figure 21.
Observations made from the compatibility of Mg microparticles to that ofA@Gd microparticles
revealed thatthe alloy ismore toxic which is shown from the live dead imaging.

For an additional understanding on the impact of microparticle degradation in presence-afces
immersion test was carried out. The immersion test results exhibited difference in degradation under
normoxia than hypoxia Higure 22). A comparison of the MDD made between ¥g3Gd
microparticles with the presence and absence of cells, revealed a slight reduction in MDD in the
presence of SCP cells.However more supporting evidences are required for generalizing this
statement. Preincubation of microparticles lowered MDD and improved the viability of cells (a
negligible exception in case of day 3 hypoxia 64%@Gd preincubated vs neincubated).
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Hypoxia

3 Days 5 Days

SCP-1 Control

SCP-1 + 3 Mg-4Y-3Gd Preincub

SCP1 + 3 Mg-4Y-3Gd

SCP-1 + 6 Mg-4Y-3Gd Preincub

SCP-1 + 6 Mg-4Y-3Gd

Figure20: Viability of SCR cells in presence of MgY-3Gd microparticles under hypoxia off and
5" day.Scale bar i500 pm.
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N .
3 Days ormoxia 5 Days

SCP-1 Control

SCP-1 + 3 Mg-4Y-3Gd Preincub

SCP1 + 3 Mg-4Y-3Gd

SCP-1 + 6 Mg-4Y-3Gd Preincub

SCP-1 + 6 Mg-4Y-3Gd

Figure21: Viability of SCR cells in presence of Mgy-3Gd microparticles under normoxia off 8nd
5" days.Scale bar represent00 pm.
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Figure22: Analysioof Mg-4Y-3Gd microparticleslegradationunder hypoxia and normoxia orf'&nd
5" day (AMDD of3 and 6 Mg4¥8Gd microparticles. CF refers to cell freeNEB)D of3 Mg and 6 Mg
4Y-3Gd microparticles in presence of SCBells C) Concentration of MignM) quantified in the cell
culture supernatant of 3 and 6 MgY-3Gd micropatrticlesvithout cells D) Concentration of M@M)
guantified in the cell culture supernatant with the presence of cells in 3 and 64MigGd
microparticles. The results were obtaine@ vwo-way ANOVA (n=9)n=9; 3 technical replicates per
3 independent experiments) = pK).05; ** = p).01; *** pXg).001 and **** = pig.0001.

4.3.2 Cytotoxicity Analysis of Mdpased micropatrticles: Impact on cell viability and
mechanistic insights

4.3.2.1 Mg microparticles
To quantify cell viability, an extensive analysis of lactate dehydrogenase (LDH) release in the cell
culture medium was conductedigure 23 depicts the percentage of toxicity in cells caused by
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degradation products released from the Ndgsed microparticles. Exposure to a dosage of 3 Mg
microparticles for three days under normoxia did not exhibit cytotoxitifhile 6 Mg microparticles
exhibited 29% toxicity on day 3 normoxia. Among the conditions of hypoxia and normoxia, 6 Mg
microparticles exposed to normoxia was found to be toxic over 6 Mg hypoxia. Towards day 3,
microparticles preincubated overnight were ¢egoxic than the directly introduced particles. In
general, the findings in this thesisggestdthat preincubation of microparticles has a role in reducing
the toxicity. However, a detailed study is needed to understand the actual mechanism in order to
validate the hypothesis. Differences in the % toxicity were evident between lysis control tofthat
every condition observed in 3 and 5 days. Significant difference in the toxicity at day 3 was observed
between 3 Mg and 6 Mg under hypoxia. Similarly, the difference was significant in preincubated 3 Mg
and 6 Mg microparticles under hypoxia amarmoxia of day 5.
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Figure23: Cytotoxicity of Mg microparticle on S@Rells under hypoxia and normoxia ofi@nd 5"

day. The cytotoxicity of the Mg microparticles was measured and compared to the cell control, and
lysis controdefined as 100% lysfFriton-X 100). (A) samples plotted with respective % toxicity of Mg
microparticle equated from absorbance values obtained by the LDH release in the Statistical analysis
was performed via twavay ANOVA with Tukey method * #05; ** = pK).01; *** pXQ.001; **** =

p>K).0001).

4.3.2.2 Toxicityanalysis of Mg4dY-3Gdmicroparticles on SGR cells

The response of SEAN the presence of MgY-3Gd microparticles were quantified by the release of
LDH in the cell supernatanEigure24). A significant difference in toxicity was observed between 3
and 6 microparticles under day 3 normoxia. Similarly, the differentexinity was significant in case

of 3 Mg and 6 Mg microparticles at day 5 under hypoxia and normoxia. Likewise, the significances
were observed between the cell control to 3 and 6 microparticles under hypoxia and normoxia at day
5 and to the day 3 hypoxidhe findings affirmed toxicity reduction in preincubated microparticles
over nonpreincubated microparticles. The highest toxicity of-MM3Gd microparticles was found in

5 day normoxia which constituted 65%. While the toxicity was measured the lowdet higpoxia at

day 3 (accounting to 3%). A comparison on the toxicity profile ofISE€PBresence of Mg micropatrticle

and Mg4Y-3Gd micropatrticle revealed greater toxicity for M¥§3Gd microparticles which might be

due to the presence of alloying elemeant
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A further understanding on the concentration of Mg was determined measuring the supernatant that
contained 3 and 6 MgY-3Gd microparticles. The results revealed the concentration of Mg to-be 5
13 mM for 3 Mg4Y¥-3Gd microparticles and 1124 mM, for 6 Mr4Y¥-3Gd microparticles respectively.
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Figure24: Cytotoxicity of MgdY-3Gd microparticle on SE€Pcells under hypoxia and normoxia df 3

and 8" day. The cytotoxicity was measured and compared to the cell control, and lysis control. (A)
samples plotted with respective % toxicity of Mg microparticle equated from absorbance values
obtained by the LDH release in the Statistical analysis was perforaéado-way ANOVA with Tukey
method * = pi.05; ** = piQ.01; *** pXQ.001; **** = pXQ.0001).Lysis control set at 100%. Not
displayed on graph.

4.4 Proof of chondrogenic differentiatiorof SCPL

4.4.1 Qualitative verification of chondrogenesis

In order to prove the ability of S€Pcells to differentiate into the chondrogenic lineage, a-pre
experimentwith Mg microparticlesvas conductednd experimental parameter such as supplement
composition and cell density were testetihe cell transformation into cartilage lineage was assessed
by adopting T.B staining technique for the set of plates analyzed on a weekl{igase?5. The SGP

1 cells cultivated with chondrogenic supplements and Mg microparticles{S@R supplements +

Mg) stained bluish to purple indicating the highest production of GAGs reflecting a qualitative
confirmation of chondrogenic lineage. This abundaAiG5production visualized was comparable to
those of SCR with Supplements + MgCIThe next highest number of stained GAGs were visualized
in SCH cells with Mg (SCP+ Mg) and SCPwith supplements.

The cell viability analyzed in week 1 using CASY counter was the highest (92%) in cell control (Cntr),
compared to other conditionsF{gure26A). The culture of SCPL in presence of Mgnicroparticles
exhibited a higher viability of 80% followed by SiG#ultured inchondrogenic media in presence of
Mg micropatrticles. Cells in presence of M@Rhibited a viability of 70 % followed by cells cultured in
chondrogenic supplements in presence of MgCl
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Towards the week 2, the highest viability of 82% were measured irl $GRured in chondrogenic
supplements with the presence of MGCPL in presence of Mg and Mg@hd comparable viability of
76%. Similarly, S€&Pcultured in growth media and the media containing chondrogenic supplements
showed comparable viability of 72%. The lowest viability was measured il $SGRured in
chondrogenic supplements in presenceMgCh.

The percentage viability towards week 3 was the highest inlS€Rted Mg (69%) and SAQRultured

in chondrogenic supplements in presence of Mg (70%).

Towards week 4, SAPpresented with supplements and Mg exhibited 62% viability followed by SCP
1 cultured in presence of Mg (59%). Viability was the lowest (47%) ifh &@tRred with chondrogenic
supplements in presence of MgCl

The general trend noticed between viability of SCRnd time (weeks) followed an inverse
relationship, where viability decreased with increasing weeks. Overall, from week 1 to week 4,
considering every condition, the highest viability was measured for the cells cultured in normal growth
medium (Contr.) While the lowest viability was measured in-BCRulured in chondrogenic
supplements in presence of Mg@wards week 4 (47%). Concentration of Mg released continuously
from Mg microparticles (microparticles introduced once for the entired2§ experiment) in the
supernatant from 7 to 28 days measuredamange of 6 10 mM as shown ifrigure26B. Although

the MgCi solution was replenished along with media changes, the concentration measured showed
minimal variance when compared to Mg microparticles, but die¢eterious effeciof MgCi solution
towards SCR cells was evidently high.
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SCP-1 (Control)

SCP-1+ Mg SCP-1 with Supplements

SCP-1 with Supplements + Mg

SCP-1 + MgCl,

SCP-1 with
Supplements + MgCl,

Figure 25: T.B staining indicating the productioBAGs during S€IP cell differentiation (study
performed till week 4 (8 days)) in presence of SGARontrol, SCR with supplements, SEP+ Mg,
SCPL with supplements with Mg, S&P+ 10 mM MgG| SCP1 with supplements + 10 mM Mgs&iiale
bar: 100 pum.
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Figure26: A) The % cell viability during the differentiation study performed till week 4 (28 days) B)
Concentration of Mg in the cell culture supernatant Statistically analysis was performed with Tukey
method (* = pi9.05; ** = pig).01; *** pXQ.001; **** = p)g.0001).

In summary although theT.B staining resultappeared variable in staining intensities they suggested
the highest production of GAGs in Mg microparticle treated-$C#&ls, which underlines the potential
of Mg in favoring chondrogenic lineage qualitatively.
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On the other hand, findings from cell viability studies have supported the fact that Mg can aid in
promoting the cell health and metabolism. Simultaneously, the findings pointed out the role of
supplements in promoting S€Pcells to chondrogenic lineag&or a more conclusive finding,
evaluation of genetic expression should be the next choice of study.

4.4.2 Gene expression analysis

Gene expression (fold change; FC 7" 2%f chondrogenic markers were evaluated to confirm
chondrogenesis on SAReells. The study was conducted for 28 days evaluating the cell specific marker
and main chondrogenic markers of interesamely, COL2A1COL1A1OPNand COL10A1The
expressions obtained from these markers were normalized with six reference genes, which consists of
EMC7VCPGAPDHRPLLO, POLR2AB2M and additionally to the cell control (baseline value 1) as
shown inFigure27.

Given that SGR represents lentivirusransfected hMSCs (genetically modified), it necessitates
continuous monitoring for any signs of neoplastic transformation. As part of this monitoring, the
expression of hTERT, a akcific marker for immortalizedMSCs, was assessed throughout the
differentiation period. By the first week, the expression of hTERT in all conditions (control +
supplements, Mg, Mg + supplements, MgCI2, and MgCI2 + Supplements) was normalized against the
cell control. Notably, there we no significant differences in fold change observed from week 1 to
week 4.

The next marker of interest was COL2A1, a protein responsible for chondrogenic differentiation and
proliferation. During week 1, there was a 4 fold upregulationC@L2A%n contr + supplements
followed by 1.5 fold increase by week 2. The marker expression was 3.5 fold on week 3, followed by a
reduction in expression towards week 4. A significant difference was observed in case of contr to Mg
+ supplements and MgCHk Supplements The difference was also significant between Mg +
supplements and Mgk Supplements. Towards week 2, a significant difference was observed
between contr + supplements and Mg&lSupplements. A noticeable difference was also observed

in case of control to that of MgCH Supplements in week 2 and week 3. A considerable change was
noticed in Mg to that of Mgeh Supplements at week 3. A remarkable fold change was observed
between MgGland MgGl + Supplements. Towards week 4 a marked difference was found between
control + Supplements and Mg@l Supplements In general a deased expression was evident in

Contr + supplements, Mg, Mg + supplements and MgCbupplements at week 4, which can be
inferred from the cell viability analysis.

Another markerCOL1AMhich is involved in matrix production in SCRvas also evaluated. The
increased expression @OL1AIn Contr + supplements is taken as a reference standarch points

out chondrogenic differentiation. The expression@DL1AIn SCHs was raised 6 folds in contr +
supplements at week 1 and week 3. T@L1ALpregulation in SGPs + Mg was recorded the highest

at week 3 (11 fold) favoring chondrogenic lineage. A comparison made ddQh&A®xpression on
SCPL + Mg and SCP + My + Supplements revealed, presence of supplements with Mg exhibited
higher upregulation (6.8 fold) at week 1 followed by similar trend towards week 2.,MgCl
supplements exhibited highest expression from week 1 to week 21SCHg was found to have an
elevated expression at week 3

The markeOPN(Figure27D) was chosen to understand chondrocyte hypertrophy on-SC#lls. The
OPNresponse was improved towards week 4 compared to week 1 till week 3 in contr + supplements,
Mg, Mg + supplements, MgCand MgCl + supplements, indicating SQPcells haveundergone
proliferation and differentiation into chondrocytic lineage and is undergoing hypertrophy.
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Figure27: Bar diagram on the differentiation study of SCEells in presence of Mg microparticles,

MgC} with and withoutchondrogenic supplements for 4 weeks (28 days). The fold chargeeR T
COL2A1(0L1A1 OPNand COL10AIvere investigated with qRPCR. The gene expression were
normalized to the levels of the reference genes and to cell control. Significant differences are
NEBLINSASYGSR o6& FaliSNRala YR 6SNB 200GFAYSR FTNRY
conditon(*py dnmMI FFLKNDPApE YR FFFLYKN®aAmMO @
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To further confirm the hypertrophyCOL10AMarker expression in S€Rcells was evaluated in contr
+ supplements, Mg, Mg + supplements, Mg&id MgGl + Supplements. Th€OL10AInarker
expression exhibited a similar trend to that of t&é&Nexpression.

To brief, expression of chondrogenic marke@QL2A1COL1A1OPN COL10Alhas a positive
association with SCPcells + Mg and S@Rcells + Mg + supplements. The cell specific markeERT
expressed neutrally from week 1 to week 4 indicating the-B5@Regrity. Analyzing the results
obtained from gene expression and cell viability studies, a decreased expression and reduced cell
viability was noted towards week 4 in every conditions. Tfeees the conclusion drawn was to
conduct the succeeding differéation studies for a period of 3 weeks.

4.5 Impact of Mg microparticles on cartilage and bone formation

4.5.1 Establishment obsteoarthritis conditions

The primary objective of the thesis was to explore and comprehend the influence of Mg microparticles
on SCH cells concerning their role in enhancing bone and cartilage regeneration, particularly under
inflammatory conditions. To simulate osteoarthriti®A) inflammation in SEP cells, cytokine
induction was utilized (10 ng/mL each of TNF I yMR OLd ¢ K S -N&iaflazhmatioy Has h !
confirmed by measuring the levels of grdlammatory cytokines (MMR, IL:6) and the chemokine

IL-8, as depictedn Hgure 28.

MMP-1 is produced by synovial cells, chondrocytes, and osteoblasts, which has the ability to degrade
ECM and moderate cartilage destruction. Expression of MM# low in normal cells resulting in
healthy cartilage remodeling. While, in pathological coiodis, the level of MMA expression
escalates considerably, resulting in connective tissue destruction. {kiRease in this study was
found to be considerably elevated from week 1 to week 3 inBi@Buced with cytokines. The findings
reported a lowerconcentration of MMPL level in SGR in presence of Mg. Interestingly, the level of
MMP-1 release in OA + Mg was lower than 8GR presence of Mg microparticles alone, suggesting
the role of Mg in lowering MMR levels especially under OA conditions.

IL-6 is a kind of prenflammatory cytokine present at higher levels in synovial fluid during OA
diagnosis. Towards week 1 thefllevels were reported the highest in cells treated with OA compared
to other conditions. The 16 levels of OA rose considéig from week 2 to week 3. The reporteddL
release in SCP + Mg was comparable to cell control in week 1. While towards week 2 and week 3 the
levels of SGR + Mg were comparable to SCReultured in osteogenic and chondrogenic controls.
Towards week Be released H6 levels were almost similar in OA + Mg and in healthyl1SERIg.

IL-8 is an inflammatory chemokine present elevated under OA pathology.inLOA treated cells
released the highest throughout week 1 to week 3 compared to other conditions. While the lowest IL
8 release was reported in cell control. The 8CGPMg releasd IL-8 in comparable amount to that of

cell control during week 1 and week 3. Towards week 2 and week 3 inflamed&@Qh presence of

OA released 1B lower than that of SGP cultured in chondrogenic and osteogenic controls.

In summary, the elevated levels of MMP IL:6 and IE8 in inflamed SCP cells documented the
successful establishment of OA. In addition,-3@Ppresence of Mg and inflamed ST presence
of Mg on comparison towards the cell controls (Contr., C@yt€ontr.O) suggests the positive impact
of Mg in reducingn vitro OA inflammation.
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Fgure28: MMP-1, IL-6 andIL-8 quantification from the cell culture supernatant upto week 3 (21 days).
Contr refers to SCP cells, Contr.O: cells in osteogenic supplements, Contr C: Chondrogenic
supplements, Mg: SEPcells in presence of Mg, OA: SCe&lls induced with inflamntary cellular
reaction resembling OA, Mg + OA: inflammatory cellular reaction resembling OA induced-&tn SCP
cells in presence of M@he mean = SD values were calculated from three biological experint@uis

of three replicates of a biological experimenfor the purpose of this analysis, only one sample was
taken from each technical replicate within the biological experiméms3). A two-way ANOVA with
Tukey's poshoc analysis was employed for statistical evaluation>.p5, ** pig.01, *** p>Q.001,

*kk 0 19.0001

4.5.2 Impact of Mg microparticles on the formation of extracellular matrix proteins

Cells undergoing chondrogenesis in presence of Mg, was qualitatively proved via cartilage specific
extracellular T.B staininghe T.B stained images observed under microscopy are shdviguire29.

The highest production of GAGs was reported in cells treated withTkig. was comparable to the

GAG production in cell control. The lowest production of GAGs was observed in inflamed cells (OA). A
comparison on the production of GAGs between OA inflamed cells and inflamed cells in presence of
Mg reported more bluish stainedxtracellular matrix in inflamed cells with Mghis indicated the
possibility of Mg in promoting cartilage lineage. However, a quantitative estimation is required to
make a further onclusion.
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Figure29: GAG production in S&Pcellsdifferentiation study in presence of cells in chondrogenic
supplements (Contr.C), Mg microparticles (Mg), cells induced with inflammation (OA) and Inflamed
cells in presence of Mg microparticles (OA + Mg). Bluish to darkabbasrepresent stainedacidic
extracellulammatrix scalebarl00 um.
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4.5.3 Influence of Mg microparticles on the formation of osteoblasts

Likewiseto the chondrogenic staining, studies were undertaken to interpret Mg favoring osteogenesis
in SCHLsFigure30.

Figure30: ARS staining indicating mineralization. The differentiation study performed till week 3 (21
days) in presence of cells in osteogenic supplements (Contr.O), Mg micropatrticles (Mg), cells induced
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