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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 on socio-
economic status. Although the molecular mechanisms are poorly understood, aging, gender, heredity, 
joint injury, impaired joint movement, stress and obesity are the main OA etiology.  However, till now 
there are no benchmark medical therapies for preventing or delaying OA onset. Biomaterials capable 
of inducing regeneration/repair of cartilage and bone defects have shown significant promise in 
treating OA. Magnesium (Mg)-based materials are thought to be a suitable candidate due to their 
cytocompatibility, ability to degrade and noteworthy is their osteopromotive quality. This thesis 
investigates the possibility of using Mg-based microparticles in aiding the treatment of OA.  

Mg microparticles were produced by applying a frictional force onto Mg wires, (produced by 
intermediate heat treatment and extrusion steps) placed in a specially designed W43 punch. This 
process yielded individual microparticles of ƭŜƴƎǘƘ ҒмΦл ƳƳ ŀƴŘ ǿƛŘǘƘ ƻŦ лΦр ƳƳ. These particles were 
further subjected to cleaning using organic solvents to remove surface contaminants influencing the 
degradation and to ensure sterility during experiments.  

The initial segment of the thesis centers on delineating the degradation traits of Mg-based 
microparticles in physiologic and inflammatory environments, reflecting varying oxygen levels; normal 
(20%) and reduced (3%). Subsequently, the impact of Mg-based microparticles, specifically Mg and 
Mg-4Y-3Gd microparticles, on SCP-1 cell viability was examined. Immortalized single cell picked clone-
1 (SCP-1) cell lines were subjected to Mg-based microparticles within a transwell setup, facilitating 
indirect contact between the cells and Mg, under hypoxic (3%) and normoxic (20%) conditions in a 
semi-static 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 and hypoxic conditions. Additionally, it was 
observed that cell proliferation minimally impacted microparticle degradation. The identified safe 
concentration range exhibiting minimal cellular toxicity for Mg microparticles, suitable for in vitro OA 
experiments, ranged from 4-10 mM (equivalent to 3 individual Mg microparticles per mL cell culture). 
 
The subsequent section of the thesis delves into the application of Mg microparticles in an in vitro OA 
model, utilizing cytokines (IL-мʲΣ ¢bC-ʰύ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜƛǊ ƛƳǇŀŎǘ ƻƴ {/t-1 cells. This investigation 
aims to understand the potential of Mg microparticles in prompting differentiation into chondrogenic 
and osteogenic precursor cells. The study was conducted under inflammatory conditions, contrasting 
the outcomes with those observed in a normal, non-inflamed environment serving as a control. 
Protein quantification (IL-6, IL-8, MMP1) validated the establishment of an inflammatory milieu in 
vitro, akin to conditions representative of OA. Qualitative imaging revealed abundant extracellular 
matrix, affirming chondrogenesis. Alizarin red staining indicated osteocyte mineralization. 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 formation exhibited 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 
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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 SCP-1 cells, when exposed to Mg microparticles, exhibited differentiation 
into chondrogenic and osteogenic lineages. Intriguingly, the outcomes remained consistent with 
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 mechanisms in vitro highlight the potential of Mg microparticles as an 
intelligent bioimplant material for OA therapy. Based on the gathered evidence, it is recommended 
that further in vivo studies and subsequent clinical trials be conducted.  
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Zusammenfassung  

Osteoarthritis (OA) ist eine der degenerativen und epidemischen Gelenkerkrankungen, die weltweit 
auftreten. Sie beeinträchtigt das ganze Gelenk in erheblichem Maße durch Verursachung von 
Schmerzen sowie Einschränkung und trägt zu einer starken Beeinträchtigung des sozioökonomischen 
Status bei. Obwohl die molekularen Mechanismen nur unzureichend erforscht sind, gelten Alterung, 
Geschlecht, vererbte Gelenkerkrankungen, Stress und Fettleibigkeit als Hauptursachen für OA. Bislang 
gibt es jedoch noch keine richtungsweisenden, medizinischen Therapien zur Verhinderung oder 
Verzögerung des Auftretens von OA. Biomaterialien, die in der Lage sind, die Regeneration/Reparatur 
von Knorpel- und Knochendefekten einzuleiten, haben sich als vielversprechend für die Behandlung 
von OA erwiesen. Materialien auf der Basis von Magnesium (Mg) gelten aufgrund ihrer 
Zytokompatibilität, ihrer Abbaubarkeit und ihrer knochenaufbauenden Effekte, als geeignete 
Kandidaten für abbaubare metallische Implantate. In dieser Arbeit wird die Möglichkeit der 
Verwendung von Mikropartikeln auf Mg-Basis zur Unterstützung der Behandlung von OA untersucht.  
 
Mg-Mikropartikel wurden hergestellt, indem Mg-Drähte (die durch mehrere Prozessschritte der 
Extrusion und der Wärmebehandlung hergestellt wurden) auf ein speziell entwickelte W43-Werkzeug 
gesetzt und gehämmert wurden. Jedes Hämmern ergab 60 einzelne Partikel in einer Länge von ca. 1,0 
mm und einer Breite von 0,5 mm. Die Partikel wurden anschließend gereinigt, um somit Störfaktoren, 
welche die Degradation beeinflussen, zu eliminieren und die Sterilität für die Durchführung der 
Experimente zu gewährleisten. 
 
Der erste Teil der Arbeit konzentriert sich auf die Bestimmung der Abbaueigenschaften von Mg-
basierten Mikropartikeln unter physiologischen und entzündlichen Bedingungen, die sich in normalem 
und reduziertem Sauerstoffgehalt widerspiegeln. Anschließend wurden die Auswirkungen von Mg-
basierten Mikropartikeln (Mg- und Mg-4Y-3Gd-Mikropartikel) auf die Vitalität von SCP-1 untersucht. 
Zu diesem Zweck wurden die SCP-1-Zellen in einer Transwell-Anordnung (indirekter Kontakt zwischen 
dem Mg und den Zellen) unter zwei verschiedenen Sauerstoffregimen, nämlich Hypoxie (3%) und 
Normoxie (20%), in einer semistatischen Versuchsanordnung Mg-basierten Mikropartikeln 
ausgesetzt. Der Abbau wurde durch den Massenverlust der Partikel charakterisiert. Des Weiteren 
gaben pH-Wert, Osmolalität und Mg- Konzentrationsbestimmung aus dem Zellkulturüberstand 
weiteren Aufschluss. Die Ergebnisse zeigten, dass die Mg-Mikropartikel 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 zellulären Toxizität von Mg-Mikropartikeln für die Verwendung in in vitro OA-
Experimenten entspricht, betrug 4-10 mM (d. h. entsprechend 3 einzelne Mg-Mikropartikel pro 
Milliliter Zellkulturmedium).  
 
Der zweite Teil der Arbeit befasste sich mit der Etablierung und Anwendung eines OA ς in vitro Models 
unter Verwendung von Zytokinen (IL-1 ,̡ TNF- )h, um den Einfluss von Mg-Mikropartikeln auf SCP-1-
Zellen und deren Fähigkeit, in chondrogene sowie osteogene Vorläuferzellen zu differenzieren, 
aufzuklären. Die Studie wurde unter Entzündungsbedingungen durchgeführt und die Ergebnisse 
wurden mit denen verglichen, die unter normalen Bedingungen (d. h. ohne Entzündungsinduktion als 
Kontrolle) erzielt wurden. Die Quantifizierung von Proteinen (IL-6, IL-8, MMP1) bestätigte die 
Induktion von OA in vitro. Außerdem bestätigte die Produktion von reichlich extrazellulärer Matrix, 
die in der qualitativen Bildgebung sichtbar wurde, die Chondrogenese. Mit der Alizarinrot-Färbung 
konnte die Mineralisierung der Osteozyten, welche eine Voraussetzung für die Osteogenese ist, 
qualitativ nachgewiesen werden. Nach der Analyse der wichtigsten Gene, die mit der Chondrogenese 
und Osteogenese in Verbindung stehen, wurden Schlussfolgerungen gezogen. Die wichtigsten der 
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untersuchten, chondrogenen Marker (COL2A1, SOX9, ACAN, OPN und COL10A1) exprimierten positiv 
in Gegenwart von Mg-Mikropartikeln, welche vermutlich die Knorpelentwicklung begünstigen ς 
ebenfalls unter entzündlichen Bedingungen. Andererseits wurden Marker, welche die Knochenbildung 
unterstützen, nämlich OC, BMP2, BMP6, RUNX2 und COL1A1, bei Kontakt mit Mg-Mikropartikeln 
hochreguliert, was auch unter entzündlichen Bedingungen der Fall war. Im Allgemeinen verlieren 
entzündete Zellen im Vergleich zu normalen Zelltypen ihr Differenzierungspotenzial. Unsere Studien 
zeigten, dass die Anwesenheit von Mg unter entzündlichen Bedingungen die Differenzierungsfähigkeit 
der Zellen bis zu einem gewissen Grad wiederherstellen kann. Die Studie konnte zeigen, dass sich SCP-
1-Zellen in Gegenwart von Mg-Mikropartikeln in chondrogene und osteogene Linien differenzierten, 
und interessanterweise folgten die Ergebnisse auch unter Entzündungsbedingungen einem ähnlichen 
Trend. Daraus lässt sich schließen, dass Mg-Mikropartikel das Potenzial haben, die Knorpel- und 
Knochenregeneration in Abhängigkeit von der Schwere der Entzündung zu fördern.  
 
Die nachgewiesene Zytokompatibilität, die optimale Abbaugeschwindigkeit und die Fähigkeit von Mg-
Mikropartikeln, Knochen- und Knorpelreparaturmechanismen in vitro zu unterstützen, machen sie zu 
einem intelligenten Bioimplantatmaterial für die OA-Therapie. In Anbetracht der gesammelten 
Erkenntnisse wird vorgeschlagen, in vivo Studien und darauffolgende klinische Studien durchzuführen.
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άEducation is a companion which no misfortune can depress, 

no crime can destroy, no enemy can alienate, no despotism can enslave. 

At home, a friend, abroad, an introduction, in solitude a solace and in society 

an ornament. 

It chastens vice, it guides virtue, it gives at once grace and government to 

genius. 

Without it, what is man? A splendid slave, a reasoning savage." 

Joseph Addison (1672-1719) 
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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 disorders1. Among 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 extracellular matrix2. 
Formerly considered an ailment affecting the elderly due to age-related cellular changes and joint 
tissue susceptibility to wear, OA now manifests in younger individuals owing to genetic 
predisposition3,4. Factors like reduced estrogen levels, gender, joint pain, lifestyle, inflammation, 
excess weight, and previous injuries also contribute to its development5,6. 
 
Despite its widespread impact on joint health, the precise molecular mechanisms initiating and 
advancing OA remain poorly understood7. Consequently, targeted treatments aiming at restoring 
cartilage degradation or reducing disease incidence are currently absent8. Diagnosis commonly 
involves methods like computerized tomography (CT), magnetic resonance imaging (MRI), X-rays, or 
synovial fluid testing (protein mass spectroscopy)9. Radiographic assessments often reveal joint space 
narrowing, bony spurs, subchondral sclerosis, and osteophyte formation10. 
 
As of now, chronic OA lacks a definitive cure, necessitating a treatment focus on alleviating pain and 
enhancing patients' quality of life11. Management of mild to moderate symptoms involves non-
pharmacological interventions such as exercise, weight management, thermal applications, and 
adopting a healthy lifestyle12. Pharmacological remedies range from topical applications to NSAIDs, 
complemented by appropriate assistive devices13. For severe cases where conventional treatments 
prove inadequate, joint replacement surgery remains the only option to restore tissue function14. 
 

1.1.2 Dynamics of bone and cartilage formation 

Bone is a lively mineralized connective tissue comprising of osteocytes, osteoblasts, osteoclasts, and 
associated bone cell linings15Φ !ƭǘƘƻǳƎƘ ōƻƴŜ ŀǇǇŜŀǊǎ ǘƻ ōŜ ƛƴŜǊǘ ƛƴ ŀǇǇŜŀǊŀƴŎŜΣ ǘƘŜ ōƻŘȅΩǎ ƎŀƛǘΣ 
support of soft tissues, calcium phosphate deposition, and bone marrow production are controlled by 
this skeletal material16. The subchondral bone plays a pivotal role in safeguarding against shear forces 
that might otherwise harm neighboring joint tissues17. Situated just beneath the subchondral bone, a 
porous network of highly sensitive trabecular bone operates under the supervision of osteocytes, 
osteoblasts, and osteoclasts18. 
 
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 self-renewal, healing, and repair19. Articular cartilage contains 
specialized cells called chondrocytes embedded in a matrix and are capable of adapting to the rugged 
biomechanical environment20. The tissue matrix is created by chondrocytes through a combination of 
collagen, non-collagen proteins, and proteoglycans, aiming to strengthen the cells against mechanical 
impact or shock21. 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 stages22. For this reason, articular cartilage undergoes internal remodeling, and the 
matrix molecules are replaced.  On growing older, chondrocytes lose their ability to restore articular 
cartilage, which results in the deterioration of joints23. This continued degeneration paves the way to 
OA. Figure 1 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 complexity24. At present cartilage research is advancing and, studies towards 
finding the mechanisms that control the early growth and shaping of cartilage are being researched.  

 

 
Figure 1: Microstructure and histopathology during osteoarthritis25. Published under the creative 
commons CC-BY 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 ever. Genes are regarded as one of the strongest factors in 
determining the deterioration of cartilage with the proliferation reaction of subchondral bone and 
inflammation26. The role of genetics is thought to influence 30% of the progression and severity of 
OA27,28. Among all the gene candidates Collagen type II alpha I (COL2A1), Aggrecan (ACAN), Sex 
determining region Y type (SOX9), Osteopontin (OPN) and Collagen X type alpha I (COL10A1) favors 
cartilage development. At the same time, Collagen type I apha I (COL1A1), Runt related transcription 
factor 2 (RUNX2), Alkaline phosphatase (ALP), Osteocalcin (OC), Bone morphogenic protein 2 (BMP2) 
and Bone morphogenic protein 6 (BMP6) are associated with osteogenic development29,30.  
 
COL2A1 gene codes for the structural proteins for cartilage extracellular matrix. Any alterations in this 
gene are responsible for joint degenerations31. The downregulation of ACAN levels is a marker for 
ongoing OA. In certain cases, of OA, it can be possible to retard the catabolic process by increasing 
ACAN production and inhibiting its degradation. Thus, ACAN gene can be an indicator for the demise 
and survival of the articular cartilage32. SOX9 is one of the important transcription factors in the 
formation of cartilage extracellular matrix and its expression serves a key role in the OA 
pathogenesis33. While the marker OPN is expressed in osteoarthritic cartilage and was validated 
through immunohistochemistry, in situ hybridization, western blot analysis and northern blot analysis. 
In general, OPN expression increase with the severity of the OA lesions and through the disintegration 
of the cartilaginous matrix34.  

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 in OA35. This 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 such as COL1A1, 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 like proliferation, adhesion, and 
osteogenesis in bone marrow-derived mesenchymal stem cells (MSCs)36. This 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, including OC, ALP, 
RUNX2, BMP2, and BMP6, sheds light on the intricate pathways influencing osteoblastic 
differentiation. These markers collectively play pivotal roles in the regulation and initiation of 
osteogenesis. For instance, OC and ALP are markers indicative of osteoblastic activity and bone 
mineralization, while RUNX2 serves 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 formation37. 

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 microenvironment affected by changes in type X collagen 
distribution. These markers potential impact on modulating osteogenesis might indirectly contribute 
to the structural changes observed in OA-affected cartilage, influencing the overall progression of the 
condition alongside the perturbations associated with type X collagen distribution. RUNX2 is 
indispensable for osteoblast differentiation and for the maturation of chondrocyte38. During 
osteoblast differentiation, RUNX2 in uncommitted mesenchymal cells expresses weakly, and its 
expression is upregulated in pre-osteoblasts, reaches the maximal level in immature osteoblasts, and 
is down-regulated in mature osteoblasts. ALP 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 differentiation39. OC, a polypeptide, holds responsibility as a marker for bone formation. 
After its release from osteoblasts, OC primarily integrates into the extracellular bone matrix, 
constituting around 15% of the non-collagenous protein fraction40. 

Bone morphogenetic proteins (BMPs), found within the bone matrix and part of the TGF-ʲ 
superfamily, contribute significantly to skeletal development, bone formation, and mesenchymal stem 
cell (MSC) differentiation41. Specifically, BMP2, a 396 amino acid polypeptide growth factor plays a 
crucial role in inducing osteogenic differentiation in undifferentiated mesenchymal cells. BMP6, 
another essential marker, significantly contributes to bone regeneration, playing a pivotal role in 
osseous regeneration within damaged bone and in vivo bone formation processes42. 

1.1.4 OA targets: Influence of inflammation markers in osteoarthritis progression 

The pathogenesis of osteoarthritis (OA) unfolds across three interrelated stages. Initially, the process 
commences with molecular-level damage to the extracellular matrix (ECM), leading to gradual wear 
and tear of the cartilage43. As the ECM deteriorates, fragments of type II collagen and fibronectin are 
released into the synovium, activating synovial cells that subsequently release pro-inflammatory and 
catabolic biochemical markers. This triggers the production of matrix metalloproteinases (MMPs) by 
chondrocytes, initiating the breakdown of articular cartilage44. 

Moving into the second stage, damage extends to chondrocytes, articular, and subchondral tissues. In 
response, there is an upregulation of tissue repair mechanisms where molecules like type II collagen, 
insulin-like growth factor (IGF), transforming growth factor-beta (TGF-ʲύΣ ŀƴŘ ōƻƴŜ ƳƻǊǇƘƻgenetic 
proteins (BMPs) work to restore ECM homeostasis. Subsequently, factors like alkaline phosphatase 
(ALP), type X collagen, and annexins contribute to bone formation45. 
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The final stage involves a failure of chondrocytes to adequately repair tissue in response to 
degradative activity46. Consequently, there's a decrease in biochemical inhibitors 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 hallmark of OA47. 

Biomarkers are defined and analyzed to 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 damage48. There 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, InvestigatiǾŜΣ tǊƻƎƴƻǎǘƛŎΣ 9ŦŬŎŀŎȅ ƻŦ LƴǘŜǊǾŜƴǘƛƻƴ ŀƴŘ 5ƛŀƎƴƻǎǘƛŎύ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ 
introduced by D.C Bauer and colleagues which evaluates biomarkers utilizing the disease 
pathophysiology49. There are several markers as candidates for predicting and prognosing OA and are 
tabulated below (Table 1). Among these the biochemical markers used in this study were IL-6, IL-8 and 
MMP1. IL-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 IL-6 contribution to cartilage degradation, evidence linking pain or downstream molecular 
mechanisms are complex50. IL-8 is an inflammatory chemokine that has a role in OA pathophysiology 
due to mediating the release of MMP-13. IL-8 has also an association to the inflammatory changes 
occurring in the synovium. Furthermore, IL-8 takes role in recruiting neutrophils (homing of 
leukocytes) at the infection site51. While, MMP-1s are interstitial collagenase that is seen elevated on 
collagen type II degradation; one of the prime steps in OA progression52.  
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Table 1: Clinical relevance of biomarkers involved in OA53,54  

  

Condition Biomarker Clinical importance 
Synovial 
inflammation and 
injury  

Matrix metalloproteinase I 
(MMP-1),  
Matrix metalloproteinase 
(MMP-3), 
 Matrix metalloproteinase 
(MMP-13), 

 
Prostaglandin E2 (PGE2),  
 
 
 
 
 
Osteocalcin (OC),  
Osteopontin (OPN),  

 
 
 
 
Tumor necrosis factor alpha 
(TNF-ʰύΣ  
Interleukin 1 beta (IL-мʲύΣ 
Interleukin-6 (IL-6), Interleukin-8 
(IL-8), Interleukin-10 (IL-10), 
  
 
 
C-reactive protein (CRP), 
 
 
 
 
Tissue inhibitors of 
metalloproteinases (TIMP)  

Elevated MMP levels are indicative of 
increased enzymatic degradation of 
cartilage extracellular matrix in 
osteoarthritis (OA). Monitoring these 
MMPs helps assess the severity of 
cartilage damage. 
 
Prostaglandin E2 serves as a key mediator 
of inflammation. Its presence indicates 
ongoing inflammatory processes in the 
synovium, aiding in the evaluation of 
inflammatory status in OA. 
 
Contributes to understand bone turnover. 
Their levels can provide insights into the 
balance between bone formation and 
resorption, helping in assessing the overall 
bone health in OA patients. 
 
These cytokines play pivotal roles in 
inflammation and immune response. 
Monitoring their levels helps in evaluating 
the inflammatory state of the synovium 
and aids in guiding anti-inflammatory 
therapies in OA victims. 
 
 
Monitoring CRP provides a systemic 
marker for inflammation and aids in 
assessing the overall inflammatory burden 
in OA patients. 
 
TIMPs control the enzymatic degradation 
of cartilage. Suppression of TIMP activity 
might compromise the efficacy of OA 
therapy. 

Cartilage 
degradation  

Cartilage oligomeric protein 
(COMP),  
 
C-terminal cross-linked 
telopeptide of type II collagen 
(CTX II), 
 
C-X-C motif chemokine 12 
(CXCL12),  
 

COMP release indicates cartilage 
degradation resulting in OA severity.  
  
CTX-II levels are associated with joint 
damage and increased risk of OA 
progression.  
 
 
CXCL12 synovial levels correlates with 
radiographic outcomes in OA victims. 
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C-X-C Motif Chemokine 
Receptor 2 (CXCR2) 

CXCR2 is vital to maintain the phenotypic 
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 diagnosis and treatment of OA. 
 

1.2 Establishment of in vitro OA models  

An ideal in vitro model of osteoarthritis (OA) should authentically replicate the pathological conditions 
observed in human OA55. Given that OA predominantly inflicts damage on the articular cartilage and 
subchondral bone, precise replication of these deleterious effects is crucial in sophisticated in vitro 
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. 
 

Table 2: Advantages/disadvantages of current OA in vitro models56,57 

In vitro OA 
model 

Application Cell Advantage Disadvantage 

Monolayer ¶ Osmotic 
effect 
 

¶ Stimulation 
by cytokines  

¶ Chondrocytes 
 

¶ Macrophages 
 

¶ Synoviocytes 
 

¶ Bone marrow 
derived stem 
cells 

¶ Expansion of 
cellular resource 
from a single 
sample is possible 
 

¶ High throughput, 
cost effective 

 

¶ Cell exposition to 
nutrients is 
uniform 

 

¶ Promotes various 
cellular phenotype 
studies 

¶ Lacks ECM content 
due to the cell 
isolation from 
tissue, therefore 
alteration of 
phenotype 
 

¶ Differing passages 
and variability 

 

¶ Suitable for 
synoviocytes than 
cartilage cells 

 

¶ Induced de-
differentiation and 
morphology 
change in 2D 
substrate 
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Although significant progress has been made to understand the cartilage degeneration mechanisms, 
gaps in translating in vitro OA findings to the clinical setting remain to be a challenge. One of the 
reasons behind this is the lack of gold standard in vitro models 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 tissues58. Additionally, each model 
has its own complexities with advantages and disadvantages as discussed in the Table 2. 

1.3 The in vitro model: SCP-1 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 origin, including adipocytes, chondrocytes, 
osteoblasts, myocytes, and stromal cells59. They open more advanced avenues for cell 
therapies/transplantations due to their multipotency and considerable proliferation capacity both of 
which are maintained in vitro. In vitro applications require large cell numbers, for this purpose, MSCs 
are isolated and expanded prior to their use. According to the literature, hMSC lose their in vitro 

Co-culture ¶ Osmotic 
effect 
 

¶ Stimulation 
by cytokines  

¶ Chondrocytes 
 

¶ Osteoblasts 
 

¶ Synoviocytes 

¶  Influence of 
different cellular 
phenotypes 
together  

¶ Highly expensive 
and difficult 
maintenance  
  

¶ 3D cartilage 
conditions cannot 
be met 

3D-culture ¶ Osmotic 
effect 
 

¶ Stimulation 
by cytokines 

 

¶ Injury  

¶ Bone marrow 
derived stem 
cells 
 

¶ Chondrocytes 

¶ Suitable model for 
sensitive cells 

¶ High cost and 
maintenance 
difficulty 
 

¶ Compromised cell 
quality  

 

¶ Cell growth is 
dependent on the 
biomaterial used 

Explant ¶ Osmotic 
effect 
 

¶ Stimulation 
by cytokines 

 

¶ Injury  

¶ Articular 
cartilage 
 

¶ Synovial 
membrane 

 

¶ Osteochondral 
/ femoral 
condyles 

¶  Cost effective 
model 
 

¶ Easy to produce 
and maintain 

 

¶ Used for 
explaining 
intercellular and 
cell -ECM 
relationship 

¶  Restricted replicate 
availability as the 
tissue death occurs 
at the edge. 

 

¶ Primarily focus on 
specific tissues 
(e.g., cartilage, 
synovium), 
potentially 
overlooking 
interactions 
between different 
joint component 
contributing OA. 
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proliferation and differentiation potential after a maximum of 20 - 40 population doublings. Moreover, 
they are donor specific. These make hMSC cells less suitable for long-term differentiation studies60. 
Research-based 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 transcriptase; a catalytic subunit) are mainly responsible for 
supporting the telomeric length61,62. Therefore, the only practical way to overcome hMSC senescence-
related growth arrest is by introducing cells with hTERT 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 lineages in vitro and in vivo63ς65. Nakahara et al. (2009) were able to show that 
immortalized hMSC were capable to form bone in mice66. While Böcker et al. in 2008 demonstrated 
ǘƘŀǘ ŘŜǎǇƛǘŜ ƻŦ ǘƘŜ Ƙa{/Ωǎ ōŜƛƴƎ ƛƳƳƻǊǘŀƭƛȊŜŘ ό{/t-1 cells represent immortalized hMSCs), they still 
possessed the characteristics of a mesenchymal stem cell. Aside from being immortalized, the merit 
of cell line is that they grow 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 line67. However, the research is far from full understanding and 
more efforts should be taken to determine further merits of using SCP-1 in in vitro studies. The work 
in this thesis has been performed using single-cell picked-clone 1 (SCP-1) 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 the in vivo environment. 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 such condition 
is OA, where hypoxia has a positive influence on chondrocytes and cartilage regeneration68. During 
OA pathogenesis, cells adapt themselves by activating hypoxia-inducible factor-1 alpha (HIF-мʰύΦ 
Though HIF-мʰ ƛǎ ǊŜƎŀǊŘŜŘ ŀǎ ŀ ƘŀƭƭƳŀǊƪ ƛƴ ǇǊŜŘƛŎǘƛƴƎ ƻȄȅƎŜƴ ǘŜƴǎƛƻƴ ŀƴŘ Ƙŀǎ ŀ ǇƛǾƻǘŀƭ ǊƻƭŜ ƛƴ 
chondrocyte biology, its exact contribution to differentiation and tissue formation is unclear69,70. 

Interest in hypoxia related research has greatly expanded over the last decades, as studies conducted 
on cartilage degradation and hypertrophy reported higher levels of HIF-ʰ ƛƴ ŘŜƎŜƴŜǊŀǘƛǾŜ ŎŀǊǘƛƭŀƎŜΦ 
Recent studies revealed that HIF-нʰ ǇǊƻƳƻǘŜǎ ƎŜƴŜ ŜȄǇǊession related to cartilage degeneration and 
hypertrophy. Under hypoxic conditions, healthy human chondrocytes cultured in vitro exhibited 
heightened HIF expression, leading to the stimulation of chondrogenic matrix genes. Surprisingly, 
these outcomes contradicted the findings observed in vivo71. This is due to the difficulty faced in 
creating in vitro disease models to match clinical conditions where the underlying pathologic 
mechanisms are poorly understood. One possible reason for such a difference between in vivo and 
the in vitro models is the difference in flow of physiological fluids in a semi-static cell culture that leads 
to waste accumulation. On the contrary, in a living organism the cells and capillaries are usually 20 to 
200 µm apart facilitating the exchange of nutrients and waste72. 

The beneficial impact of hypoxia in fostering vessel growth is worth noting, as it involves the 
enhancement of pro-angiogenic pathways that oversee various facets of endothelial, stromal, and 
vascular support cell biology73. Comprehensive investigations into the role of hypoxia and HIF signaling 
in human diseases are necessary to attain a deeper understanding. Consequently, the role of hypoxia 
in regulating angiogenesis needs to be understood for the identification of new therapeutic targets 
and modalities. Xu et al. (2020), 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 detailed in vivo study 
concerning oxygen tension in order to understand the effect on bone formation and vascularization74. 

https://pubmed.ncbi.nlm.nih.gov/?term=Böcker%20W%5BAuthor%5D
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Our studies have investigated the effect of hypoxia on the degradation of Mg-based microparticles 
and consequently on the viability of SCP-1 cells. 

 

1.4 Magnesium-based 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 50-60% is located in bones and the rest in soft tissues75. An 
important feature of Mg for orthopedic application is its mechanical stiffness with Young's modulus 
of 45 GPa and density of 1.74 g/cm3. For comparison, human skeletal bone has modulus of elasticity 
20 GPa and density of 1.75 g/cm3 76. Thus, the use of Mg as an implant can reduce stress shielding 
during weight transfer at the bone-implant interface, and thus lessens the risk of implant loosening77. 
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 Mg-based materials to safely degrade offers benefits 
compared to existing implant biomaterials. While the degradation of existing iron and polymer alloys 
can be tailored, they still lag behind Mg-based alloys in effectively stimulating bone growth and exhibit 
notable disparities in mechanical properties when compared to natural bone78. 
 
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 bone-joint regeneration. Mg gained 
its importance in clinics after 1878 when Dr. Edward C Huse reported 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 applications79. An ideal biomaterial for orthopedic surgery should be well 
adapted to its biological environment and have sufficient mechanical strength to withstand 
biomechanical forces. For bone-joint applications, desired implant material characteristics should be 
of lightweight and wear/tear resistant. They should also be anti-inflammatory, encourage 
osseointegration/tissue regeneration and gradual degradation inside the body to avoid the need for 
implant removal surgery80,81. 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 surface. A bubble forms when the interface between 
hydrogen gas and body fluid serves as a nucleation site for calcium phosphates. Bubble 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 content. This can be further connected with occurrence of brittle 
fracture82,83. 

 
2. Premature loss in the mechanical property of Mg-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 failure84.  

 
3. Ionic 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 significantly increases pH in the surrounding micro-
environment affecting the local cell functions85,86.  
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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 rate of an implant is a requirement. Mg when 
exposed to the atmosphere will develop a gray oxide film of magnesium hydroxide Mg(OH)2) which 
slows corrosion. Mg(OH)2 is partially soluble in water; however rapid and more corrosion occurs in 
aqueous physiological conditions in the presence of chloride ions (concentration 150 mmol/L)87. 
Mg(OH)2 reacts with chloride ions to form highly soluble magnesium chloride and hydrogen.  
  

ὓὫ ςὌὕ -ÇὕὌ Ὄ     Eq. 1 
ὓὫ ς ὅὰ ὓὫὅὰ     Eq. 2 

                                         ὓὫὕὌ ς ὅὰ ὓὫὅὰ ςὕὌ    Eq. 3 
 
To resolve the abovementioned challenges, an optimized implant degradation rate should be achieved 
through an appropriate choice of alloying and processing. Protective coatings and surface treatments 
are highly recommended to enhance the degradation resistance and biological compatibility in Mg-
based implants. Grain refinement, solid-solution 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 orthopedic Mg-based 
implants88,89. The implant material characteristics and natural tissue compatibility are major areas of 
interest based on the implant design and the alignment in the inner fiber orientation and anisotropy. 
Though it is believed that Mg-based 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 tissues and the 
whole body90. 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 by ASTM. ASTM F1983-99 concerns a 
ά{ǘŀƴŘŀǊŘ ǇǊŀŎǘƛŎŜ ŦƻǊ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ǘƘŜ ŎƻƳǇŀǘƛōƛƭƛǘȅ ƻŦ ŀōǎƻǊōŀōƭŜκ ǊŜǎƻǊōŀōƭŜ ōƛƻƳŀǘŜǊƛŀƭǎ ŦƻǊ 
ƛƳǇƭŀƴǘ ŀǇǇƭƛŎŀǘƛƻƴǎέΦ ¢Ƙƛǎ ǎǘŀƴŘŀǊŘ ƎƛǾŜǎ ƎǳƛŘŀƴŎŜ ƛƴ ŜȄŀƳƛƴƛƴƎ ǘƘŜ ǊŜŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ŀōǎƻǊōŀōƭŜ 
biomaterials inside bone and soft tissue for times between 30 days and 3 years91. 
 
ASTM F2502-11 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 exposure to a test solution for a specified time, 
followed by evaluating the degradation of byproducts in cell culture92. To address the gaps in 
biocompatibility data more in-depth research on toxicology and carcinogenicity are required. 
Yoshizawa et al., (2014) successfully demonstrated the role of Mg in promoting mineralization of 
extracellular matrix (ECM) with increased collagen X expression and vascular endothelial factors in the 
presence of osteogenic proteins93. The cytotoxic concentration of Mg and its alloying elements were 
investigated by Niederländer et al., in 2014 using osteosarcoma cell line Saos-2 and human 
mesenchymal stem cells (hMSCs) 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 mono- and 
cocultures is a matter to be considered. Experiments performed on rodents and humans revealed that 
any deficiency in Mg within the body may result in low serum parathyroid 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 Mg-based biomaterials in bone tissue 
regeneration applications94.  
  
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 materials95. Clinical 
acceptance (MAGNEZIX®) and commercialization of Mg-based materials will need further 
ōǊŜŀƪǘƘǊƻǳƎƘ ǊŜǎŜŀǊŎƘ ǘƻ ǊŜǇƭŀŎŜ ǘƘŜ ŎǳǊǊŜƴǘƭȅ ǳǎŜŘ ōƛƻƳŀǘŜǊƛŀƭǎ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ŀƭƭƻȅƛƴƎ ŜƭŜƳŜƴǘΩǎ 
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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 applying Mg alloy-
based implants for foot, ankle and sports medicine targets of the musculoskeletal system96. 
 
Mg being the fourth abundant cation in mammals and second predominant intracellular cation, 
participates in multiple roles: a) acting as co-factor and catalyst for enzymes, b) stimulus for cell 
growth and proliferation, c) stabilizing DNA, and d) regulation of sodium - calcium channels pivotal for 
ōƻŘȅΩǎ ǎǳǊǾƛǾŀƭ97. Organisms maintain stable Mg concentration in serum with their own specialized 
mechanisms. Bone, intestine and kidney are the main 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 homeostasis under physiological conditions. Surplus Mg in plasma gets stored in bone 
and the remaining gets excreted along with urine98. Mg deficiencies are shown to contribute to 
deleterious health problems. The normal serum Mg concentration ranges between 0.75 to 0.95 mM/L. 
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 Mg (impairment of renal 
conservation), and several other conditions99. Anything from mild tremors followed by generalized 
weakness towards cardiac ischemia and death are regarded as the signs and symptoms of lowered 
magnesium levels. Although rare, it is a serious electrolytic disorder of fatality if not diagnosed and 
treated promptly. It is noteworthy to mention that in certain cases of Mg deficiency, like increased 
loss via thiazide diuretics or decreased intake, Mg is seen to release from bones and muscles100. 
Chronic deficiency of Mg leads to skeletal fragility, reduction in bone mass and growth, paving way to 
certain degenerative tissue disorders like osteoarthritis, osteoporosis and rheumatoid arthritis. The 
daily recommended Mg supplementation according to US department of agriculture (USDA) is 320 
and 420 mg/day in males and females, respectively. Any concentration above 0.95 mM/L 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 victims. Apart from this, patients with proton pump inhibition history, 
malnourishment, and alcoholism can fuel up the risk of hypermagnesemia101.  
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2 Motivation, Objectives and Hypothesis 

Magnesium-based implants started revolutionizing the field of bone-tissue engineering over two 
centuries ago due to their degradability and bone-like properties with the potential of promoting 
natural bone growth, thereby improving bone-joint disorders. Due 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 and is aimed at bringing new treatments to clinics. Mg's ability to induce bone 
formation could position it as a promising resource in regenerating bony tissue for treating 
degenerative disorders. However, till now there are no gold standard medical therapies for preventing 
or delaying OA onset. Therefore, present treatments range from non-pharmacological measures 
(weight reduction, exercise) to analgesics, and finally to joint replacement surgeries (Osteotomy, 
Arthroplasty and Arthrodesis). Hence there is an increased 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 
establishing an 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 to find the right OA therapeutic is not only motivating but 
encompasses huge challenges in it.  
The work presented in this thesis investigated the influence of Mg-based microparticles on the 
treatment of OA from an in 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 study has material and biological aspects. The material aspect discussed the degradation behavior 
of Mg-based implants under physiologic and OA oxygen conditions. Beside the assessment of 
degradation behavior, this investigation provides safe guidelines for concentration 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 SCP-1 under the influence of Mg 
microparticles. In order to assess the impact of Mg microparticles in aiding cartilage and bone 
regeneration, an in vitro OA culture model has to be established and applied. 
 
The thesis focused on the following objectives:  
i. Characterizing the degradation of Mg-based 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 the influence of Mg microparticles on SCP-1 cells in favoring chondrogenesis and 

osteogenesis under an in 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 focused to acquire knowledge on the 
degradation rate of Mg and Mg-4Y-3Gd microparticles. Further, the study centered on the influence 
of Mg and Mg-4Y-3Gd microparticles on immortalized SCP-1 cells. For this, the investigations intended 
to get information on the degradation rate upon exposure to cells, and the studies spanned across 
ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜ ǘƻȄƛŎƛǘȅ ŎŀǳǎŜŘ ōȅ ƳƛŎǊƻǇŀǊǘƛŎƭŜǎ ŀƴŘ ƛǘǎ ƛƴŦƭǳŜƴŎŜ ƛƴ ŀŦŦŜŎǘƛƴƎ ǘƘŜ ŎŜƭƭΩǎ ǾƛŀōƛƭƛǘȅΦ 
Table 3 lists the analyses performed in this thesis. 

 
Table 3: Outline of the analysis performed with the corresponding microparticles 

 

3.1 Material Production and Characterization  

3.1.1 Processing of Mg microparticles 

Mg microparticles 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. The billet 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 recrystallization 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 shown in Table 4.  
 
 
 

Experiments Analysis 
 

Mg Mg-4Y-3Gd 

Material characterization 
In vitro degradation a a 

Determination of Mg2+ in the culture 
medium 

a a 

Biological characterization 
Impact of cell growth on degradation a a 
Determination of Mg2+ in the cell 
culture supernatant 

a a 

Cell viability analysis 
Live dead assay 
Lactate dehydrogenase 
quantification  

a a 

Confirmation of chondrogenic 
differentiation 

 
a 

_ 

In vitro OA establishment 
a 

_ 
 

Differentiation study under OA 
conditions 

a  _ 
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Table 4: Represents the major elemental impurities of Mg determined by spark analyzer 

 
 

3.1.2 Processing of Mg-4Y-3Gd microparticles 

Similar to the preparation of Mg microparticles, Mg-4Y-3Gd microparticles prepared using Mg 
(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 Mg-4Y-3Gd melt was stirred 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 °C and 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 Ø1.0 mm each. Cold wire drawing was carried out with a drawing die in steps 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 material were 
measured via spark spectrometry (n=3) and are as shown in Table 5. 

 
Table 5: Represents the elemental composition of Mg-4Y-3Gd determined by spark analyzer 

 

 
For the microstructure investigations, the small microparticles were embedded in epoxy resin 
(Demotec 30®, Demotec Demel e.K, 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. Finally, samples 
were polished using water containing oxide polishing suspension, a SiO2 solution (O.P.S. Oxid-Polier-
Suspension, Schmitz Metallographie GmbH, Herzogenrath, Germany), at a speed of 80 rpm. Samples 
were etched using picric acid solution (Kree et al., 2004) and the microstructure was observed using 
an optical microscope (Leica Wild M3Z). The shapes were investigated by SEM (TESCAN VEGA3-SB, 
Brno, Czech Republic) using the secondary electron detector at an accelerating voltage of 20 kV. For 
this purpose, the cylinders were attached to a specimen holder with an electrically conductive sticker. 
The casting was done by Günter Meister and Björn Wiese (Helmholtz Zentrum Hereon) and the 
content analysis was performed by Daniel Strerath. 

 

3.1.3 Cleaning of Mg-based microparticles  

The produced Mg-based wires were employed to obtain Mg-based (Mg and Mg-4Y-3Gd) 
microparticles. An age-hardened Mg-4Y-3Gd tool was utilized as a punching mold for retrieving the 
microparticles from the wire. Every punching of wire yielded 60 individual microparticles. The average 
length and diameter of microparticles were determined by optical microscopy (Leica Wild M3Z). The 
obtained microparticles were cleaned in n-hexane and acetone each for 20 min in an ultrasonic bath 
(Branson 1210, Branson Ultrasonics, Danbury, USA) before carrying out any experiments. Thereafter, 
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 containing sterile microparticles were transferred to the clean bench for 

Impurity Fe  
(wt.%) 

Cu 
 (wt.%) 

Ni  
(wt.%) 

Content 0.002 ± 0.0002 0.0015 ± 0.0001 0.0013 ± 0.0003 

Element 
Gd 

(wt.%) 
Ni 

(wt.%) 
Y 

(wt.%) 
Nd 

(wt.%) Fe (wt.%) 
Cu 

(wt.%) 
Si 

(wt.%) 
Be 

(wt.%) 

Average 
2.52 ± 
0.10 <0.015 

3.53 ± 
0.65 

0.024 ± 
0.002 

0.005 ± 
0.0004 

0.005 ± 
0.001 

0.003 ± 
0.003 

0.001 ± 
0.0001 
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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 Mg-based microparticles under semi-

static conditions  

Degradation analyses in this thesis were divided into short-term and long-term studies and were 
performed under the conditions of hypoxia (3% oxygen) and normoxia (20% oxygen). Short-term 
degradation studies were performed for 3, 7, 14, 21 and 28 d. While long-term degradation studies 
were performed for a duration of 42 d (6 weeks) and 56 d (8 weeks). The degradation rate of 
microparticles were determined by initial weighing of particles accurately to 10 mg using a precise 
weighing balance (RADWAG, Hilden, Germany; model: MYA 2.4Y, S/N: 537265, precision 1.5 µg). 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 Bio-One, ThinCerts, pore size 3 µm) as shown in Figure 2. The 
microparticle were then treated with 500 µL of DMEM (Life Technologies, Darmstadt, Germany) 
supplemented with 10% FBS (PAA Laboratories, Cölbe, Germany) and kept in the incubator (BBD 6220, 
Thermo Fischer Scientific, Langenselbold, Germany) to investigate the 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 day (and third day, respectively) with the 
fresh media for pH maintenance (pH controlled by the carbonate buffer system). Replaced media were 
measured for changes in pH (SENTRON ARGUS X pH-meter, Fisher Scientific) and osmolality 
όάhǎƳƻƳŀǘ !ǳǘƻέΣ ŦǊŜŜȊƛƴƎ Ǉƻƛƴǘ ƻǎƳƻƳŜǘŜǊΣ DƻƴƻǘŜŎ DƳōIΣ .Ŝrlin, Germany) and additionally also 
used to 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 chromic acid (180 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 employed in the calculation of the mean degradation depths (MDD) using the Eq. 4. 
 
Long-term degradation studies were performed adopting a similar procedure to that of short-term 
degradation studies. The long-term degradation studies were carried out for 42 d (6 weeks) and 56 d 
(8 weeks) in order to line up with the simultaneously performed in vivo rabbit 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 magnifications (Leica WILD M3Z).  

 
  

                           ὓὈὈ
 z

Àz 
           Eq. 4  

 
where MDD is the mean degradation depth in µm,  
ҟƳ ƛǎ ǘƘŜ ǿŜƛƎƘǘ ƭƻǎǎ ƛƴ ƎΣ  
f is the unit conversion factor (10,000) to obtain mean degradation depth in µm,  
A is the surface area of the sample in cm2, and Þ is the density in g/cm3.  
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Figure 2: Experimental set-up for the in vitro degradation of Mg-based microparticles. Microparticles 
were placed on transwell inserts (3 µm 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 (AAS). To preserve the 
supernatants and minimize precipitations for AAS measurements, the samples were acidified with 1 
% (w/v) nitric acid (suprapure) diluted in ultrapure H2O. 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 detected. The acidified samples were further diluted (1:1000) 
in 1 % HNO3. Flame atomic absorption spectrometer (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 concentrations, an external standard 
calibration curve (0.05-1.00 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. Ion sensitive field-effect transistor 
(ISFET) pH sensor (Sentron SI600, Sentron Europe BV, Roden, The Netherlands) were chosen for 
supernatant pH measurements. While the osmotic strength of the collected supernatants was 
ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ŀ ŦǊŜŜȊƛƴƎ Ǉƻƛƴǘ ƻǎƳƻƳŜǘŜǊ όΨhǎƳƻƳŀǘ !ǳǘƻΩύ ōȅ ǘŀƪƛƴƎ рл ҡ[ ƻŦ ǎƻƭǳǘƛƻƴ ƛƴǘƻ 
osmometer vials (Gonotec GmbH, Berlin, Germany). pH and osmolality values of all 6 technical 
replicates per independent experiment measured in order to eliminate subtle variations that could 
occur in individual experiments.  

3.3 Biological characterization 

3.3.1 SCP-1 continuous culture 

SCP-1 was the cell lines of choice for studying the compatibility studies (provided by Prof. Böcker, 
Musculoskeletal Centre, University Munich). The passages between 70-74 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 lineages67. For SCP-1 culturing, the cell stock 
containing cryovial was taken out from liquid nitrogen storage, thawed fast under 37C and 
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centrifuged at 200 × g for 5 minutes. After centrifugation, the cell suspension was gently transferred 
to the pre-warmed medium (Minimum Essential Medium Eagle- ʰ ƳƻŘƛŦƛŎŀǘƛƻƴ Ҍ мл҈ CŜǘŀƭ ōƻǾƛƴŜ 
ǎŜǊǳƳ όʰ-MEM + 10% FBS)) in a culture flask and placed into the culture environment (37 °C, 20% O2, 
5% CO2, 95% relative humidity). The culture medium was exchanged the next day to remove minute 
traces of dimethyl sulphoxide (DMSO) and to remove the dead cell which will affect the growth of the 
other healthy cells. used for cell freezing. Thereafter, the culture medium was replaced and changed 
every alternate day. Cells on reaching approximately 70 - 80% 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 SCP-1 compatibility in presence of Mg-based microparticles via indirect transwell 
setup  

In order to evaluate the cellular growth and viability in response to microparticle degradation, SCP-1 
was cultured using indirect testing. To accomplish this, the monolayer of SCP-1 cells (5000 cells/cm2) 
were cultured at the bottom of the well plate and microparticles on the top of the transwell insert 
(Sarstedt AG & Co. KG, Nümbrecht, Germany, pore size 3 µm) and was sandwiched by culture medium 
as shown in Figure 3. Freshly prepared Mg-based microparticles were sterilized for performing 
biological tests as described in Section 3.1.1. 3 and 6 microparticles were used in order to expect a Mg 
concentration below a toxic level. The degradation products of Mg and Mg-4Y-3Gd microparticles 
were biologically evaluated via immersion test and additionally, Mg2+ concentration was confirmed 
using the elemental analysis via AAS (the procedure mentioned in section 3.2.1). While the impact of 
released degradation products affecting cell viability was assessed through live dead staining and 
lactate dehydrogenase assay as discussed in upcoming section 3.3.3.  

 

 
 

Figure 3: Indirect transwell insert setup for in vitro cytocompatibility assays. 

 
 
The assumption of pre-conditioning microparticles under cell culture conditions was to create a 
natural degradation layer on the microparticle to improve proliferation thereby enhancing in vitro cell 
viability. Hence, the samples in form of 3 as well as 6 particle per insert and mL medium were pre-
incubated into transwells that fit into 24 well-plates, with 1000 µL of DMEM medium (Life 
Technologies Fisher) supplemented with 10% FBS (PAA Laboratories) for 24 hours under physiological 
cell culture conditions. For the studies performed the Mg microparticles were preincubated to 24 
hours, as challenges may be accompanied to long term incubation. The experimental layout for the 
cytocompatibility study is demonstrated in Figure 4.  
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Figure 4: Plate layout for cytocompatibility studies. MC refers to media control, MC + SCP-1 to cell 
control, Mg is the magnesium microparticle and preincub refers to overnight preincubation Mg 
microparticles. 

3.3.3 Impact of released degradation products on SCP-1 viability 

3.3.3.1  Cell viability staining  
 
Cell survival in the presence of Mg-based microparticles were determined using live and dead cell 
staining involving calcein-AM (Life Technologies GmbH, Darmstadt, Germany) for staining living cells 
(green) and ethidium homodimer-1 (Sigma-Aldrich Chemie GmbH, 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 diluted in serum-free DMEM at 1 µM, 2 µM, and 2 µg/mL. The cells were 
washed with serum-free medium after three and five days prior to staining. One well-plate per time 
point was examined. The 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 (Eclipse Ti-S; Nikon GmbH, 
Dusseldorf, Germany) under different magnifications. 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 Mg-based microparticles to 
SCP-1 cells 

 
Cytotoxicity of the Mg-based 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/toxicity Figure 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 from cells in the 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 µL each, and incubated by adding another 50 µL reaction mix that consists 
of a dye solution and diaphorase for 30 min in a light-sensitive environment at room temperature (RT). 
Subsequently, the absorbance was measured at a wavelength of 490 nm with an absorbance 
microplate reader (Sunriseϰ Tecan microplate reader; Tecan, Männedorf, Switzerland). The DMEM 
containing 10% FBS with SCP-1s served as cell control and lysed cells as negative control (lysis solution 
provided in the kit).  
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The appropriate concentration of the microparticles for the long-term differentiation studies was 
determined from the aforesaid SCP-1 compatibility studies. Percentage cytotoxicity is calculated 
using the equation below. 

 

Ϸ ὅώὸέὸέὼὭὧὭὸώ
  ᶻ

  
     Eq. 5  

 

 
Figure 5: Lactate dehydrogenase assay principle. Dead / damaged cells release LDH converting lactate 
to pyruvate. This reduces NAD+ to NADH, which reduces tetrazolium salt into colored formazan.  

 

3.4 Verification of chondrogenic differentiation  

In order to verify the establishment of chondrogenesis in SCP-1, the cells were cultured in medium 
containing chondrogenic supplements. Chondrogenic medium consisted of DMEM with 10% FBS, 50 
µm dexamethasone, 12.5 mM ascorbic acid, 100 mM sodium pyruvate, 2.6 mg/mL linoleic acid, 75 
Ƴa ǇǊƻƭƛƴŜΣ мллȄ ƛƴǎǳƭƛƴ ǘǊŀƴǎŦŜǊǊƛƴ ǎŜƭŜƴƛǳƳ ǎƻƭǳǘƛƻƴΣ мл ƳƎκƳ[ ¢ǊŀƴǎŦƻǊƳƛƴƎ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ʲмΤ ¢DC-
ʲм όōƻǘƘ procured from PreproTech). Varying cell densities (100, 500, 2500, 5000 cells/cm2) were 
chosen in finding the optimal seeding density for long-term chondrogenic differentiation studies. As a 
result, 1000 cells / cm2 were determined as the appropriate initial cell density and were cultured in 6 
well plates with 12 microparticles (equivalent to the concentration of 4 - 10 mM) placed in the 
transwell on each well. 3 individual experiments (N = 3) were performed, out of which every individual 
experimental setup 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 SCP-1 was used as the cell control. While 10 mM MgCl2 extract with 
SCP-1 cells were chosen as the reference standard of Mg in monitoring chondrogenesis.  

 
Figure 6: Eight conditions for chondrogenic verification studies (shown as single well in figure) were 
analysed in 6 technical replicates meaning every condition requires a complete 6-well plate. 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 containing chondrogenic supplements, Mg the Mg 
microparticles and MgCl2 refers to MgCl2 solution used as a reference standard. 
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Chondrogenesis  was confirmed through quantitative and qualitative analysis via Gene expression and 
toluidine blue (T.B.) staining as described in Section 3.5.1. The qualitative confirmation was based on 
the visualization of synthesized glycosaminoglycan through T.B staining. For this, 6 wells were 
analyzed per condition per time point. While quantitative confirmation involved cell counting followed 
by RT-qPCR which includes stepwise procedures of RNA extraction, cDNA synthesis (as described in 
the Section 3.6) which leads to the evaluation of gene expression through RT-qPCR (for relevant 
chondrogenic markers; COL2A1, SOX9, ACAN, OPN, COL10A1). The study was normalized to 6 
reference genes namely; GAPDH, B2M, POLR2A, VCP, RPL10 and EMC7. Per condition lysed cells of 
two wells were pooled, resulting in three technical replicates per time point.  
 
Verification of SCP-1 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 microparticles. 
 

3.4.1 Induction and establishment of OA inflammation in SCP-1 culture 

To establish in vitro OA inflammatory condition, SCP-1s were treated with cytokines namely IL-мʲ ŀƴŘ 
TNF-ʰ ŜŀŎƘ мл ƴƎκƳ[ ƛƴǘƻ ŜǾŜǊȅ ǿŜƭƭ ŦƻǊ ǿƘƛŎƘ h! ƛƴŦƭŀƳƳŀǘƛƻƴ ƴŜŜŘǎ ǘƻ ōŜ ƛƴŘǳŎŜŘΦ ¢ƘŜ ŎȅǘƻƪƛƴŜǎ 
IL-мʲ ŀƴŘ ¢bC-ʰ ǿŜǊŜ ǳǎŜŘ ǎȅƴŜǊƎƛǎǘƛŎŀƭƭȅ ōŜŎŀǳǎŜ ƻŦ ǘƘŜƛǊ ŎŀǇŀōƛƭƛǘȅ ǘƻ ǇǊƻŘǳŎŜ and sustain OA 
inflammation profoundly102. 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 predicted through 
enzyme-linked immunosorbent assay (ELISA) of the main inflammatory cytokines (Interleukin 6 (IL-6), 
Interleukin 8 (IL-8)) and chemokine (matrix metalloproteinase (MMP-1)) involved during bone-joint 
destruction. The mechanism of ELISAs is with regard to the antigen-binding to enzyme-linked 
ŀƴǘƛōƻŘƛŜǎ ƳŜŀǎǳǊŜŘ Ǿƛŀ ŎƻƭƻǊƛƳŜǘǊƛŎ ŀǎǎŀȅΦ ¢ƘŜ 9[L{! ŜƳǇƭƻȅŜŘ ƛƴ ǘƘƛǎ ǘƘŜǎƛǎ ǿŀǎ ŀ ά{ŀƴŘǿƛŎƘ 9[L{!έ 
which depends on the enclosed binding of two antibodies to the antigen. IL-6 (Cloud-Clone Corp, serial 
No: 862B497927, Katy, TX 77494, USA), IL-8 (Cloud-Clone Corp, serial No: 4C416A983F, Katy, TX 77494, 
USA), MMP-1 (version:2.0.0 catalog No: abx152347, Abbexa LTD, Cambridge, UK) were performed as 
per the guidelines of the manufacturer. To briefly explain, a capture antibody is immobilized on a 
surface-treated 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, the 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 (Sunriseϰ Tecan microplate reader; Tecan, 
Männedorf, Switzerland). Protein standard was reconstituted to prepare standard stock solution. A 
seven-point standard curve using 2-fold serial dilutions in 1X Blocking Buffer as mentioned in the 
datasheet. 

 

3.4.2 SCP-1 response exposed to Mg microparticles under OA inflammatory condition 

In order to predict the response of inflamed SCP-1 cells in presence of Mg microparticles, OA 
inflammation condition in vitro was established as described previously in Section 3.4.1. The 
experimental design is illustrated in Figure 7. As evidenced from the chondrogenic verification studies 
Section 4.4 for the reduced cell viability towards week 4, the SCP-1 differentiation 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 revealed from the biocompatibility studies 
(degradation analysis, cytotoxicity assessment as described in Section 4.3). DMEM containing 10% FBS 
on SCP-1 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 
ƻǎǘŜƻƎŜƴƛŎ ǎǳǇǇƭŜƳŜƴǘǎ όмлл ƴa ŘŜȄŀƳŜǘƘŀǎƻƴŜΣ м Ƴa ʲ-glycerophosphate, 100 nM vitamin D and 
100 µM L-ascorbic acid 2-phosphate (all from Sigma, Munich, Germany)) was the osteogenic control 
(Contr.O). 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 study. For 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 chondrogenesis Section 3.4. Every week a set of 6-well plate 
of above mentioned each condition was taken out and tested for chondrogenesis/osteogenesis 
qualitatively and quantitatively as shown in Figure 7. Visualization of glycosaminoglycan synthesis, as 
an indicator of ECM produced by stem cell differentiating into chondrocytes, was confirmed by T.B 
staining. While Ca2+ containing deposits, by stem cells differentiating to osteoblasts, were qualitatively 
confirmed via alizarin red S (ARS) staining Section 3.5.2. Further, stem cells favoring chondrogenesis 
/osteogenesis were quantified by co-relating the cell number to the RNA extracted. Following RNA 
extraction, cDNA was synthesized and finally the synthesized cDNA was evaluated for specific gene 
expressions Section 3.6. 

 

 
Figure 7: Experimental setup: Induction of inflammatory conditions in SCP-1 cells 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 every week one 
plate per condition were treated with T.B stain (Sigma-Aldrich, T3260-5G, CAS 92-31-9) and visualized 
via Nikon inverse fluorescence microscope (Eclipse Ti-S; Nikon GmbH, Düsseldorf, Germany). The 
GAGs and cell nuclei were stained bright blue indicating chondrogenesis. The dye was prepared by 
solubilizing 0.1 wt/vol % of toluidine blue in ultra-pure water type I and further filtered using filter 
paper. Foremost after 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%) for at least 30 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 ultra-pure water type I for 3 
consecutive washings (to wash off the stained solution completely) from the well plates. Thereafter 
the cells were investigated for the presence of GAGs under an inverse microscope. A large 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. Alizarin red is an 
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 is due to the chelation of calcium and ARS to 
form ARS-calcium complex. For the performed differentiation studies, a plate comprising of controls 
samples and the sample 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 were then 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 ultrapure water Type I in order to remove the excess stain. Cells 
were lastly microscopically monitored. The extent of osteogenesis was qualitatively determined by 
the orangish-red 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 extraction was estimated 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 initiate the cDNA synthesis. The RNA extraction and purification was 
performed using the RNeasy mini-Kit (Zymo research Quick-RNA Miniprep, Cat NoR1055). The RNA 
easy technology consists of the selective binding of RNA to a silica-based membrane, while 
contaminants are washed away using microspin technology. The binding of the RNA to the silica 
membrane is enhanced by the use of a specialized high-salt 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 using low-ionic salt buffers 
or water. 
 
Furthermore, the trizolϰ-containing agent was used during the homogenization of cells in 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 small volumes (1 µL). 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 of contaminants such as phenols, proteins or nucleic 
acids. Samples with values out of the mentioned range were not used. The obtained purified RNA 
could be used directly or stored at ς80°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 RNA-containing retroviruses and are multifunctional 
enzymes with 3 distinct enzymatic activities: an RNA-dependent DNA polymerase, a hybrid-dependent 
exoribonuclease (RNase H), and a DNA-dependent DNA polymerase. Omniscript reverse transcriptase, 
a recombinant heterodimeric enzyme expressed in E. 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 
nuclease-free 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 performed (Table 6). The solution was thoroughly and 
carefully mixed. Further, 8 µL of the master mix solution were transferred to the tubes as reactions 
were performed, and RNA template was added to the individual tubes. The minimum recommended 
RNA amount per reaction is 100 ng. Therefore, 12 µL of each RNA template were individually added 
to the tubes containing the master mix. The tubes were incubated for a period of 60 min at 37C in the 
thermocycler for the reverse transcription reaction. The obtained cDNA was frozen at -80C or used 

immediately for gene expression studies (     Figure 8).  

 
Table 6: Composition of the master mix used for reverse transcription of RNA isolated from SCP-1. 

 

 

3.6.3 Quantitative reverse transcription polymerase chain reaction (RT-qPCR) 

Gene expressions analysis was used to quantitatively assess the response of SCP-1 differentiation to 
Mg microparticle under OA conditions. The technique of RT- qPCR allows a reliably and accurately 
quantification of the initial amount of template DNA present in the samples. The 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 double-strand DNA (new strand) sequences 
increasing its intensity. The DNA amplifies exponentially 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 synthesis followed 
by (3) extension of the newer DNA strands from the primers (Table 7).  

Master mix composition Volume (µL) Final Concentration 
10x Buffer RT 2 1x 
dNTP mix (5 mM each dNTP) 2 0.5 mM each dNTP 
Oligo-dT primer (10 µM) 2 1 µM 
RNase inhibitor (10 units/µL) 1 10 units (per 20 µL 

reaction) 
Omniscript reverse transcriptase 1 4 units (per 20 µL reaction) 
RNase-free water Based on calculation  
RNA template Based on calculation 200 ng 
Total 20  
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     Figure 8: cDNA synthesis and RT-qPCR 
 

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 the or1iginal DNA sample break and 
separates the DNA into single strands (this is termed denaturation of double-stranded DNA). 

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

3. Extension: Strands joined together, forms a new complementary strand of DNA (termed 
extension of the DNA, generally at 72°C). Thus, a new duplicate double-stranded DNA 
molecule has been formed from each of the single strands of the original sample molecule. 
The cycle is 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 single short 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 study, RT-qPCR was 
performed involving specific chondrogenic / osteogenic markers. The principle involved is that as 
the double-stranded amplicons are produced, the fluorescence of the dye increases until reaching 
detectable values by RT-qPCR thermocycler CFX96 Touch real-time 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 the gene of interest. For 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 of the conditions of 
interest (Contr.C, Contr. O, Mg, OA + Mg) were normalized to the control condition (Contr).  
 
The same amount of DNA (1 ng/µL) and 3 reference genes were used in all the cases for obtaining 
precise results. The reference and target genes evaluated were selected from the literature. The 
study was normalized to 3 reference genes G6PDH, B2M and EMC7. Chondrogenic markers 
involved were COL2A1, SOX9, ACAN, OPN, COL10A1 while the osteogenic markers of interest 

analyzed were BMP2, BMP6, OC, ALP and RUNX2 as seen in  Table 9. Results were calculated with 
CFX Managerϰ Software 3.0, using the ɲɲCq 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 µL ( Table 8). Every reaction was performed in triplicates by 
distributing 10 µL each in 96 well plates (Figure 9).  
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Table 7: Steps involved in the RT-qPCR procedure. 

 
 

 
 
Figure 9: 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 sample. This plate layout is valid for 
each analyzed gene. Contr refers to SCP-1 cells, Contr.O: cells in osteogenic supplements, Contr C: 
Chondrogenic supplements, Mg: SCP-1 cells in presence of Mg, OA: SCP-1 cells induced with 
inflammatory cellular reaction resembling OA, Mg + OA: inflammatory cellular reaction resembling OA 
induced on SCP-1 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 was the 2ς ɲɲ/ǉ ό[ƛǾŀƪύ aŜǘƘƻŘΣ 
which assumes a 100% efficiency of both reference and target genes. The calculations performed with 
this method were as follows: 
 
мύ ƴƻǊƳŀƭƛȊŀǘƛƻƴ ǘƻ ǊŜŦŜǊŜƴŎŜ ƎŜƴŜΣ ɲ/ǉ (test) = Cq(target, test) ς Cq(ref, test)  Eq. 5 
нύ ƴƻǊƳŀƭƛȊŀǘƛƻƴ ŎƻƴǘǊƻƭ ǎŀƳǇƭŜΣ ɲ/ǉ (calibrator / control with known concentration of analyte) = Cq 
(target, calibrator) ς Cq (ref, calibrator) 

Eq. 6 
оύ ƴƻǊƳŀƭƛȊŀǘƛƻƴ ƻŦ ɲ/ǉ ƻŦ ǘƘŜ ǘŜǎǘ ǎŀƳǇƭŜ ǘƻ ǘƘŜ ɲ/ǉ ƻŦ ǘƘŜ ŎƻƴǘǊƻƭ condition,   ɲɲ/ǉ Ґ /ǉ όǘŜǎǘύ - 
ɲ/ǉ όŎŀƭƛōǊŀǘƻǊύ         Eq. 7 
4) calculation of the expression ratio = 2 ς ɲɲ/ǉ     Eq. 8 

 

RT-PCR Steps Supermix Sybr green 
Temperature 

(°C) 
Time 
(min) 

Temperature 
(°C) 

Time (min) 

Enzyme Activation 95  3 95 10 
 
 

Cycles 

Denaturalization 
of DNA 

95 0.20 95 0.25 

Annealing of 
primer 

62 (Primer 
dependent) 

0.20   
1 
 Elongation 75  0.30 60 

 95 15 95 0.25 

Melt curve 65 to 95  
 

 65 to 95  
 

 



 

28 

 

 
 Table 8: PCR Master mix composition. Each sample was plated 3 times in a 96 well plate 

 
 Table 9: Primer sequences with base pairs used in performing qRT-PCR 

Master Mix composition Volume (µL) Volume (µL) in triplicates 
Ssofast evagreen (2X)  

5 
 

16.25  Fast SYBRGreen master mix 
(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  

Genes Amplicon 
length 

Forward Reverse 

Reference Genes 
ER membrane 

protein 
complex 

subunit 7 (EMC 
7) 

190 GACTGCCCTATCCTCTCCAAA 
 

TGCTCCATTTCCCGTCTCAT 
 

Beta 2 
Microglobulin 

(BMP2) 

201  CTTTCTGGCCTGGAGGCTATC AGACCAGTCCTTGCTGAAAGA
  

Valosin 
containing 

protein (VCP) 

188 GCAGTTGTTCCGAGGTGACA TGCCGTACTTCACATCAGGG  

Ribosomal 
protein L 10 

(RPL-10) 

170 CTGAAGATCCTGGTGTCGCCAT GCCACAAAGCGGAAACTCATC
  

RNA 
polymerase II 

subunit A 
(POLR2A) 

231  ACGCTGCTCTTCAACATCCA GGCAGACACACCAGCATAGT  

Glyceraldehyd
e-3-phosphate 
dehydrogenas

e (GAPDH) 

186 GAGAAGTATGACAACAGCCTCA 
  

GCCATCACGCCACAGTTTC 

Gene of Interest 
  
Collagen 

type II alpha-1  
(COL2A1) 

180  AGACTTGCGTCTACCCCAATC  GCAGGCGTAGGAAGGTCATC 

SRY 
(Sex Determini
ng Region Y)-

Box 9 
(SOX 9) 

121  AGACCTTTGGGCTGCCTTAT  TAGCCTCCCTCACTCCAAGA 
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3.7 Statistical analyses  

The complete experiments in this thesis were performed for three independent biological 
experiments (Set 1, 2 3) with the mentioned numbers of replicates. This 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. Biocompatibility experiments were conducted with three different biological experiments with 
each set containing three replicates. ELISA for each condition of a set was conducted by utilizing three 
replicates. Differentiation studies were performed with 6 individual replicates in a set, where 2 of the 
wells were pooled (therefore 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 samples. The 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 biological experiments were subjected to two-
ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘ ŀƴŘ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ŎƻƳǇŀǊŜ 
the homogeneity within experiments. The results were taken to be significant at a probability level of 
p < 0.05. 

Aggrecan 
(ACAN) 

104   TTCACCTCCAGGGAGAGCTA   ATACATTCAGCTGCGGTTCC 

Osteopontin 
(OPN) 

237 CGAGGTGATAGTGTGGTTTATG
G 

 GGTTTCAGCACTCTGGTCATC 

Collagen type 
X alpha-1 
(COL10A1) 

125   AAACCTGGACAACAGGGACC  CGACCAGGAGCACCATATCC 

Bone 
morphogenetic 
protein 2 (BMP 

2) 

140  ACCCGCTGTCTTCTAGCGT  CTCAGGACCTCGTCAGAGGG 

Bone 
morphogenetic 
protein 6 (BMP 

6) 

159  AGCGACACCACAAAGAGTTCA GCTGATGCTCCTGTAAGACTT
GA 

 Collagen 
type I alpha-1 

(COL1A1) 

146  AAGACATCCCACCAATCACC  GCAGTTCTTGGTCTCGTCAC 

Osteocalcein 
(OC) 

123  CGCTACCTGTATCAATGGCTGG CTCCTGAAAGCCGATGTGGTC
A 

Alkaline 
phosphatase 

(ALP) 

161  ACCTCCTCGGAAGACACTCT  GGCCCATTGCCATACAGGAT 

Runt-related 
transcription 

factor 2 
(RUNX2) 

112  CAGTAGATGGACCTCGGGAA  ATACTGGGATGAGGAATGCG 

human 
telomerase 

reverse 
transcriptase 

(hTERT) 

413 ATGTGACGGGCGCGTACGAC GGCTGGAGGTCTGTCAAG 
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4 Results 

4.1 Microstructure of Mg-based microparticles 

The microstructure of the Mg-based microparticles is depicted in Figure 10. Micrographs captured on 
sections parallel to the longitudinal axis of both Mg microparticles and Mg-4Y-3Gd microparticles 
revealed numerous twins. These twins, cigar-shaped grains, are abundantly present at each end of the 
microparticle. Their formation occurs during the material's plastic deformation from punching. The 
SEM image of a Mg microparticle is illustrated in Figure 11(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. 
 

 
 
Figure 10: The micrographs of Mg microparticles (A&B), the micrographs of Mg-4Y-3Gd 
microparticle(C&D). Courtesy of Björn Wiese. 
 

4.2 Degradation behavior and characteristics of Mg microparticles  

4.2.1  The degradation rate of Mg microparticles  

Figure 11B shows the degradation rate of Mg microparticles. The weight of the microparticles (10 mg) 
were chosen for the degradation study based on the results obtained from the Mg disc degradation 
ŜȄǇŜǊƛƳŜƴǘǎ ǇŜǊŦƻǊƳŜŘ ŜŀǊƭƛŜǊ ƛƴ ƻǳǊ ƭŀōΦ ¢ƘŜ aƎ ƳƛŎǊƻǇŀǊǘƛŎƭŜǎ ǳǎŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅ ǿŜǊŜ ҒмΦл ƳƳ ƛƴ 
ƭŜƴƎǘƘ ŀƴŘ ҒлΦр ƳƳ ƛƴ ŘƛŀƳŜǘŜǊΣ ŀƴŘ ŜŀŎƘ ƳƛŎǊƻǇŀǊǘƛŎƭŜ ǿŜƛƎƘŜŘ ҒлΦоу ƳƎΦ Lƴ ƻǊŘŜr to achieve 
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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Figure 11: A) SEM micrographs of Mg microparticles (drawing surface of microparticles) B) Plot of MDD 
versus time mean +/- 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, out of which every biological replicate contained 
6 individual technical replicates (replicates in one study group at a one-time point) for reproducible 
data evaluation. An analysis to reflect the oxygen content in healthy and inflamed joints led the 
microparticles being exposed under two setup conditions, namely hypoxia and normoxia. Hypoxic 
conditions (3%) with a low oxygen content are found in inflamed joint conditions, while normoxia 
(with 20% oxygen) is found in normal joint conditions.  
 
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 0.338 mm/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 the 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 hypoxia as shown in Table 8. The 
microparticles before and after (after removal of degradation layer via chromic acid treatment) 
immersion test was observed by optical microscopy as shown in Figure 12.  
 
In order to relate the in vitro data with the simultaneously conducted in vivo study, long-term 
immersion tests were performed for a time period of 42 days (6 weeks) and 56 days (8 weeks). The 
study undertaken for 42 days indicated 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 (Figure 13). 
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Table 10: 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 three individual experiments, (six samples each, n=18). 

 

Parameter Condition 

Time (d) 

3 7 14 21 28 

pH control 

Hypoxia 7.65 ± 0.27 7.81 ± 0.19 7.85 ± 0.22 8.16 ± 0.04 8.21 ± 0.03 

Normoxia 7.84 ± 0.25 8.05 ± 0.06 8.13 ± 0.07 8.18 ± 0.04 8.31 ± 0.04 

pH 

Hypoxia 8.04 ± 0.01 8.09 ± 0.07 8.09 ± 0.07 8.29 ± 0.66 8.26 ± 0.02 

Normoxia 8.10 ± 0.05 8.30 ± 0.29 8.22 ± 0.06 8.29 ± 0.16 8.38 ± 0.11 

Osmolality 
control 
[osmol/kg] 

Hypoxia 0.32 ± 0.01 0.33 ± 0.01 0.34 ± 0.01 0.35 ± 0.01 0.38 ± 0.03 

Normoxia 0.32 ± 0.02 0.34 ± 0.02 0.37 ± 0.02 0.40 ± 0.01 0.41 ± 0.02 

Osmolality 
[osmol/kg] 

Hypoxia 0.36 ± 0.02 0.38 ± 0.02 0.45 ± 0.01 0.45 ± 0.02 0.44 ± 0.01 

Normoxia 0.35 ± 0.01 0.39 ± 0.01 0.46 ± 0.03 0.47 ± 0.02 0.46 ± 0.01 

Mg loss (%) 

Hypoxia 6.16 ± 0.84 9.45 ±0.28 11.16 ± 1.26 13.58 ± 0.34 19.42 ± 0.60 

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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Figure 12: Images represent surface morphology of degraded Mg microparticles exposed to cell 
culture medium DMEM + 10% FBS normoxia and hypoxia from day zero until day 42. Scale bar: 200 
µm.  

 
 
Figure 13: Long term experiments were carried out for 42 and 56 days with 6 technical and 3 different 
biological experiments. MDD plotted against exposure time 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-4Y-3Gd microparticles 

Figure 14 shows the MDD of Mg-4Y-3Gd microparticles 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.  

 

 
 
Figure 14: Mean degradation depth of Mg-4Y-3Gd microparticles versus 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, normoxia seem to dominate degradation over hypoxia which was observed as a general 
trend from the results of Mg and Mg-4Y-3Gd microparticles.  

 
Further confirmation was obtained by quantifying the Mg concentration in the supernatant which 
supported the mass loss results (Table 11). In addition, the changes in pH and osmolality recorded 
higher degradation under normoxia compared to hypoxia as seen in Table 11. Qualitative confirmation 
of degradation was obtained via optical microscopy of microparticles (prior and later to chromic acid 
treatment) as shown in Figure 15. 

 
Table 11: The cell culture supernatant pH, Osmolality and the % loss of Mg-4Y-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. 

Parameter Condition 
Time (d) 

3 7 14 21 28 

pH control 

Hypoxia 7.54 ± 0.07 7.51 ± 0.18 7.65 ± 0.06 8.01 ± 0.04 8.04 ± 0.04 

Normoxia 7.78 ± 0.20 7.64 ± 0.15 7.78 ± 0.12 8.04 ± 0.06 8.06 ± 0.15 



 

35 

 

 

pH 

Hypoxia 7.82 ± 0.14 8.01 ± 0.23 8.12 ± 0.08 8.33 ± 0.03 8.26 ± 0.16 

Normoxia 7.95 ± 0.13 8.37 ± 0.36 8.14 ± 0.07 8.36 ± 0.19 8.33 ± 0.08 

Osmolality 
control 

[osmol/kg] 

Hypoxia 0.32 ± 0.01 0.35 ± 0.01 0.34 ± 0.01 0.36 ± 0.02 0.41 ± 0.01 

Normoxia 0.32 ± 0.02 0.35 ± 0.01 0.37 ± 0.02 0.40 ± 0.01 0.40 ± 0.02 

Osmolality 
[osmol/kg] 

Hypoxia 0.36 ± 0.02 0.46 ± 0.01 0.45 ± 0.01 0.48 ± 0.01 0.42 ± 0.01 

Normoxia 0.38 ± 0.02 0.47 ± 0.02 0.46 ± 0.03 0.49 ± 0.01 0.47 ± 0.03 

Mg loss (%) 

Hypoxia 7.90 ± 0.24 9.63 ± 0.04 12.24 ± 0.06 13.83 ± 0.10 19.75± 0.21 

Normoxia 8.21 ± 0.08 9.84 ± 0.23 13.46 ± 0.86 14.69 ± 0.70 20.58 ± 0.67 
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Figure 15: Surface morphology of Mg-4Y-3Gd microparticle observed under optical microscopy before 
(day zero) and after the chromic acid treatment. Scale bar:200 µm. 
 

4.3 SCP-1 response to Mg and Mg-4Y-3Gd microparticles  

4.3.1 Cell viability and proliferation  

4.3.1.1 Response to Mg microparticles 
 
Figure 16 and Figure 17 depicts SCP-1 viability and proliferation after exposure to Mg microparticles 
under physiological (20%) and reduced (3%) oxygen conditions Three independent experiments were 
conducted on 3rd and 5th 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 by live-dead assay, and 
quantitatively by measuring the release of lactate dehydrogenase from cells after short term (3 days) 
and prolonged exposure (5 days).  
 
Live-dead assay of 3 days revealed that the SCP-1 cells 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 microparticles revealing a dose-effect relationship. Considering 
the overnight incubated microparticles (intended to improve cell viability), non-homogeneous 
distribution of live and dead cells was noted 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 were quantified. The results revealed 4 - 10 mM of Mg with 3 Mg microparticles and 11- 
24 mM with 6 Mg particles (Figure 18).  
 
With the assumption that the presence of SCP-1 cells 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 SCP-1 cells on Mg microparticle were understood by comparing 
the MDD values obtained from Mg microparticles in presence of SCP-1s to that of Mg microparticles 
in the absence of SCP-1 cells. The obtained results revealed an inclination towards faster degradation 
under normoxia can be repeated as shown in Figure 19. A comparison made between microparticles 
(3 and 6 microparticles) on indirect contact with SCP-1s with that of only microparticles (with the 
absence of SCP-1 cells) revealed no obvious difference in degradation.  
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Figure 16: SCP-1 cell viability under hypoxia in presence of Mg microparticles on 3rd and 5th days. Viable 
cells were stained green (calcein AM) and dead cells appeared red (ethidium homodimer-1). Enlarged 
image represents HOECHST (nucleus). Scale bar is 200 µm and scale bar for the enlarged image 

represents 50 mm. 
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Figure 17: SCP-1 cell viability in the presence of varying concentrations and constitutions of Mg 
microparticles under normoxia on the 3rd and 5th days. The scale bar is 100 µm. 
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Figure 18: Concentration of Mg (mM) 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 obtained via two-way 
ANOVA (n=9; 3 technical replicates per 3 independent experiments) * = pҖ0.05; ** = pҖ0.01; *** p 
Җ0.001; and **** = pҖ0.0001. Mean ± SD calculated from 3 independent experiments. 
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Figure 19: MDD of Mg microparticles under hypoxia and normoxia on 3rd and 5th day. (A) 3 Mg and 6 
Mg microparticles. CF refers to cell free (B) 3 Mg and 6 Mg microparticles with the presence of SCP-1 
cells. The results were obtained via two-way ANOVA (n=9). (n=9; 3 technical replicates per 3 
independent experiments); * = pҖ0.05; ** = pҖ0.01; *** pҖ0.001; **** = pҖ0.0001. 

 
According to the theoretical explanation, pre-incubating 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 viability. The hypothesis behind pre-incubation 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 the 3- and 
5-day studies alongside others. The preincubation process was found to enhance cell viability. 
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However, the observations 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 Mg-4Y-3Gd Microparticles in 
SCP-1 cells 

 
Similar to the cytocompatibility analysis in presence of Mg microparticles, Mg-4Y-3Gd microparticles 
were subjected for assessing SCP-1 compatibility. The cytocompatibility analysis were performed for 
3 and 5 days under hypoxia and normoxia as seen in Figure 20 and Figure 21. From the images, a dose-
response relationship is evident; cells exposed to 3 Mg-4Y-3Gd microparticles showed a higher rate of 
plasma membrane compromise compared to those exposed to 6 Mg-4Y-3Gd microparticles, as 
observed in the lactate dehydrogenase assay. These 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 evident from the Figure 20 and Figure 21. 
Observations made from the compatibility of Mg microparticles to that of Mg-4Y-3Gd microparticles 
revealed that the alloy is more toxic which is shown from the live dead imaging. 
 
For an additional understanding on the impact of microparticle degradation in presence of SCP-1 cells, 
immersion test was carried out. The immersion test results exhibited difference in degradation under 
normoxia than hypoxia (Figure 22). A comparison of the MDD made between Mg-4Y-3Gd 
microparticles with the presence and absence of cells, revealed a slight reduction in MDD in the 
presence of SCP-1 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 6 Mg-4Y-3Gd preincubated vs non-incubated).  
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Figure 20: Viability of SCP-1 cells in presence of Mg-4Y-3Gd microparticles under hypoxia on 3rd and 
5th day. Scale bar is 500 µm. 
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Figure 21: Viability of SCP-1 cells in presence of Mg-4Y-3Gd microparticles under normoxia on 3rd and 
5th days. Scale bar represents 500 µm. 
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Figure 22: Analysis of Mg-4Y-3Gd microparticles degradation under hypoxia and normoxia on 3rd and 
5th day (A) MDD of 3 and 6 Mg4Y-3Gd microparticles. CF refers to cell free (B) MDD of 3 Mg and 6 Mg-
4Y-3Gd microparticles in presence of SCP-1 cells C) Concentration of Mg (mM) quantified in the cell 
culture supernatant of 3 and 6 Mg-4Y-3Gd microparticles without cells. D) Concentration of Mg (mM) 
quantified in the cell culture supernatant with the presence of cells in 3 and 6 Mg-4Y-3Gd 
microparticles. The results were obtained via two-way ANOVA (n=9). (n=9; 3 technical replicates per 
3 independent experiments); * = pҖ0.05; ** = pҖ0.01; *** pҖ0.001 and **** = pҖ0.0001. 

 

4.3.2 Cytotoxicity Analysis of Mg-based microparticles: 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 conducted. Figure 23 depicts the percentage of toxicity in cells caused by 
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degradation products released from the Mg-based microparticles. Exposure to a dosage of 3 Mg 
microparticles for three days under normoxia did not exhibit cytotoxicity. While 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 less toxic than the directly introduced particles. In 
general, the findings in this thesis suggested that 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 to that of 
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 and normoxia of day 5. 
 

 
Figure 23: Cytotoxicity of Mg microparticle on SCP-1 cells under hypoxia and normoxia on 3rd and 5th 
day. The cytotoxicity of the Mg microparticles was measured and compared to the cell control, and 
lysis control defined as 100% lysis (Triton-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 two-way ANOVA with Tukey method * = pҖ0.05; ** = pҖ0.01; *** pҖ0.001; **** = 
pҖ0.0001). 

 

4.3.2.2 Toxicity analysis of Mg-4Y-3Gd microparticles on SCP-1 cells 
The response of SCP-1 in the presence of Mg-4Y-3Gd microparticles were quantified by the release of 
LDH in the cell supernatant (Figure 24). A significant difference in toxicity was observed between 3 
and 6 microparticles under day 3 normoxia. Similarly, the difference in toxicity 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 hypoxia. The findings affirmed toxicity reduction in preincubated microparticles 
over non-preincubated microparticles. The highest toxicity of Mg-4Y-3Gd microparticles was found in 
5 day normoxia which constituted 65%. While the toxicity was measured the lowest under hypoxia at 
day 3 (accounting to 3%). A comparison on the toxicity profile of SCP-1 in presence of Mg microparticle 
and Mg-4Y-3Gd microparticle revealed greater toxicity for Mg-4Y-3Gd microparticles which might be 
due to the presence of alloying elements. 
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A further understanding on the concentration of Mg was determined measuring the supernatant that 
contained 3 and 6 Mg-4Y-3Gd microparticles. The results revealed the concentration of Mg to be 5 - 
13 mM for 3 Mg-4Y-3Gd microparticles and 11 - 24 mM, for 6 Mg-4Y-3Gd microparticles respectively.  
 

 
Figure 24: Cytotoxicity of Mg-4Y-3Gd microparticle on SCP-1 cells under hypoxia and normoxia on 3rd 
and 5th 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 performed via two-way ANOVA with Tukey 
method * = pҖ0.05; ** = pҖ0.01; *** pҖ0.001; **** = pҖ0.0001). Lysis control set at 100%. Not 
displayed on graph.  

 

4.4 Proof of chondrogenic differentiation of SCP-1 

4.4.1 Qualitative verification of chondrogenesis 

In order to prove the ability of SCP-1 cells to differentiate into the chondrogenic lineage, a pre-
experiment with Mg microparticles was conducted and experimental parameter such as supplement 
composition and cell density were tested. The cell transformation into cartilage lineage was assessed 
by adopting T.B staining technique for the set of plates analyzed on a weekly basis Figure 25. The SCP-
1 cells cultivated with chondrogenic supplements and Mg microparticles (SCP-1 with supplements + 
Mg) stained bluish to purple indicating the highest production of GAGs reflecting a qualitative 
confirmation of chondrogenic lineage. This abundant GAG production visualized was comparable to 
those of SCP-1 with Supplements + MgCl2. The next highest number of stained GAGs were visualized 
in SCP-1 cells with Mg (SCP-1 + Mg) and SCP-1 with supplements.  
The cell viability analyzed in week 1 using CASY counter was the highest (92%) in cell control (Cntr), 
compared to other conditions (Figure 26A). The culture of SCP-1 in presence of Mg microparticles 
exhibited a higher viability of 80% followed by SCP-1 cultured in chondrogenic media in presence of 
Mg microparticles. Cells in presence of MgCl2 exhibited a viability of 70 % followed by cells cultured in 
chondrogenic supplements in presence of MgCl2.  
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Towards the week 2, the highest viability of 82% were measured in SCP-1 cultured in chondrogenic 
supplements with the presence of Mg. SCP-1 in presence of Mg and MgCl2 had comparable viability of 
76%. Similarly, SCP-1 cultured in growth media and the media containing chondrogenic supplements 
showed comparable viability of 72%. The lowest viability was measured in SCP-1 cultured in 
chondrogenic supplements in presence of MgCl2. 
The percentage viability towards week 3 was the highest in SCP-1 treated Mg (69%) and SCP-1 cultured 
in chondrogenic supplements in presence of Mg (70%). 
 
Towards week 4, SCP-1 presented with supplements and Mg exhibited 62% viability followed by SCP-
1 cultured in presence of Mg (59%). Viability was the lowest (47%) in SCP-1 cultured with chondrogenic 
supplements in presence of MgCl2. 
 
The general trend noticed between viability of SCP-1 and 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 SCP-1s cultured in chondrogenic 
supplements in presence of MgCl2 towards week 4 (47%). Concentration of Mg released continuously 
from Mg microparticles (microparticles introduced once for the entire 28 day experiment) in the 
supernatant from 7 to 28 days measured in a range of 6 - 10 mM as shown in Figure 26B. Although 
the MgCl2 solution was replenished along with media changes, the concentration measured showed 
minimal variance when compared to Mg microparticles, but the deleterious effect of MgCl2 solution 
towards SCP-1 cells was evidently high.  
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Figure 25: T.B staining indicating the production GAGs during SCP-1 cell differentiation (study 
performed till week 4 (28 days)) in presence of SCP-1 control, SCP-1 with supplements, SCP-1 + Mg, 
SCP-1 with supplements with Mg, SCP-1 + 10 mM MgCl2, SCP1 with supplements + 10 mM MgCl2. scale 
bar: 100 µm. 
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Figure 26: 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 (* = pҖ0.05; ** = pҖ0.01; *** pҖ0.001; **** = pҖ0.0001). 

 
In summary, although the T.B staining results appeared variable in staining intensities they suggested 
the highest production of GAGs in Mg microparticle treated SCP-1 cells, 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 SCP-1 cells to chondrogenic lineage. For 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 = 2-ɲɲ/¢) of chondrogenic markers were evaluated to confirm 
chondrogenesis on SCP-1 cells. The study was conducted for 28 days evaluating the cell specific marker 
and main chondrogenic markers of interest namely, COL2A1, COL1A1, OPN and COL10A1. The 
expressions obtained from these markers were normalized with six reference genes, which consists of 
EMC7, VCP, GAPDH, RPL-10, POLR2A, B2M and additionally to the cell control (baseline value 1) as 
shown in Figure 27. 
 
Given that SCP-1 represents lentivirus-transfected hMSCs (genetically modified), it necessitates 
continuous monitoring for any signs of neoplastic transformation. As part of this monitoring, the 
expression of hTERT, a cell-specific marker for immortalized hMSCs, was assessed throughout the 
differentiation period. By the first week, the expression of hTERT in all conditions (control + 
supplements, Mg, Mg + supplements, MgCl2, and MgCl2 + Supplements) was normalized against the 
cell control. Notably, there were 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 upregulation of COL2A1 in 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 MgCl2 + Supplements The difference was also significant between Mg + 
supplements and MgCl2 + Supplements. Towards week 2, a significant difference was observed 
between contr + supplements and MgCl2 + Supplements. A noticeable difference was also observed 
in case of control to that of MgCl2 + Supplements in week 2 and week 3. A considerable change was 
noticed in Mg to that of MgCl2 + Supplements at week 3. A remarkable fold change was observed 
between MgCl2 and MgCl2 + Supplements. Towards week 4 a marked difference was found between 
control + Supplements and MgCl2 + Supplements In general a decreased expression was evident in  
Contr + supplements, Mg, Mg + supplements and MgCl2 + Supplements at week 4, which can be 
inferred from the cell viability analysis.  
 
Another marker COL1A1 which is involved in matrix production in SCP-1 was also evaluated. The 
increased expression of COL1A1 in Contr + supplements is taken as a reference standard which points 
out chondrogenic differentiation. The expression of COL1A1 in SCP-1s was raised 6 folds in contr + 
supplements at week 1 and week 3. The COL1A1 upregulation in SCP-1s + Mg was recorded the highest 
at week 3 (11 fold) favoring chondrogenic lineage. A comparison made on the COL1A1 expression on 
SCP-1 + Mg and SCP-1 + Mg + Supplements revealed, presence of supplements with Mg exhibited 
higher upregulation (6.8 fold) at week 1 followed by similar trend towards week 2. MgCl2 + 
supplements exhibited highest expression from week 1 to week 2. SCP-1 + Mg was found to have an 
elevated expression at week 3  
 
The marker OPN (Figure 27D) was chosen to understand chondrocyte hypertrophy on SCP-1 cells. The 
OPN response was improved towards week 4 compared to week 1 till week 3 in contr + supplements, 
Mg, Mg + supplements, MgCl2 and MgCl2 + supplements, indicating SCP-1 cells have undergone 
proliferation and differentiation into chondrocytic lineage and is undergoing hypertrophy.  
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Figure 27: Bar diagram on the differentiation study of SCP-1 cells in presence of Mg microparticles, 
MgCl2 with and without chondrogenic supplements for 4 weeks (28 days). The fold change of hTERT, 
COL2A1, COL1A1, OPN and COL10A1 were investigated with qRT-PCR. The gene expression were 
normalized to the levels of the reference genes and to cell control. Significant differences are 
ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ŀǎǘŜǊƛǎƪǎ ŀƴŘ ǿŜǊŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ōŜǘǿŜŜƴ ŜŀŎƘ 
condition (*pҖлΦлмΣ ϝϝǇҖлΦлрΣ ŀƴŘ ϝϝϝǇҖлΦллмύΦ 
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To further confirm the hypertrophy, COL10A1 marker expression in SCP-1 cells was evaluated in contr 
+ supplements, Mg, Mg + supplements, MgCl2 and MgCl2 + Supplements. The COL10A1 marker 
expression exhibited a similar trend to that of the OPN expression.  
 
To brief, expression of chondrogenic markers; COL2A1, COL1A1, OPN, COL10A1 has a positive 
association with SCP-1 cells + Mg and SCP-1 cells + Mg + supplements. The cell specific marker; hTERT 
expressed neutrally from week 1 to week 4 indicating the SCP-1 integrity. 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. Therefore, the conclusion drawn was to 
conduct the succeeding differentiation studies for a period of 3 weeks.  
 

4.5  Impact of Mg microparticles on cartilage and bone formation  

4.5.1 Establishment of osteoarthritis conditions  

 
The primary objective of the thesis was to explore and comprehend the influence of Mg microparticles 
on SCP-1 cells concerning their role in enhancing bone and cartilage regeneration, particularly under 
inflammatory conditions. To simulate osteoarthritis (OA) inflammation in SCP-1 cells, cytokine 
induction was utilized (10 ng/mL each of TNF-ʰ ŀƴŘ L[-мʲύΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ h!-like inflammation was 
confirmed by measuring the levels of pro-inflammatory cytokines (MMP-1, IL-6) and the chemokine 
IL-8, as depicted in Figure 28. 
 
 MMP-1 is produced by synovial cells, chondrocytes, and osteoblasts, which has the ability to degrade 
ECM and moderate cartilage destruction. Expression of MMP-1 is low in normal cells resulting in 
healthy cartilage remodeling. While, in pathological conditions, the level of MMP-1 expression 
escalates considerably, resulting in connective tissue destruction. MMP-1 release in this study was 
found to be considerably elevated from week 1 to week 3 in SCP-1 induced with cytokines. The findings 
reported a lower concentration of MMP-1 level in SCP-1 in presence of Mg. Interestingly, the level of 
MMP-1 release in OA + Mg was lower than SCP-1 in presence of Mg microparticles alone, suggesting 
the role of Mg in lowering MMP-1 levels especially under OA conditions.  
 
IL-6 is a kind of pro-inflammatory cytokine present at higher levels in synovial fluid during OA 
diagnosis. Towards week 1 the IL-6 levels were reported the highest in cells treated with OA compared 
to other conditions. The IL-6 levels of OA rose considerably from week 2 to week 3. The reported IL-6 
release in SCP-1 + Mg was comparable to cell control in week 1. While towards week 2 and week 3 the 
levels of SCP-1 + Mg were comparable to SCP-1 cultured in osteogenic and chondrogenic controls. 
Towards week 3 the released IL-6 levels were almost similar in OA + Mg and in healthy SCP-1 + Mg.  
 
IL-8 is an inflammatory chemokine present elevated under OA pathology. IL-8 in OA 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 SCP-1 + Mg released IL-8 in comparable amount to that of 
cell control during week 1 and week 3. Towards week 2 and week 3 inflamed SCP-1 cell in presence of 
OA released IL-8 lower than that of SCP-1 cultured in chondrogenic and osteogenic controls.  
 
In summary, the elevated levels of MMP-1, IL-6 and IL-8 in inflamed SCP-1 cells documented the 
successful establishment of OA. In addition, SCP-1 in presence of Mg and inflamed SCP-1 in presence 
of Mg on comparison towards the cell controls (Contr., Contr.C, Contr.O) suggests the positive impact 
of Mg in reducing in vitro OA inflammation. 
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Figure 28: MMP-1, IL-6 and IL-8 quantification from the cell culture supernatant upto week 3 (21 days). 
Contr refers to SCP-1 cells, Contr.O: cells in osteogenic supplements, Contr C: Chondrogenic 
supplements, Mg: SCP-1 cells in presence of Mg, OA: SCP-1 cells induced with inflammatory cellular 
reaction resembling OA, Mg + OA: inflammatory cellular reaction resembling OA induced on SCP-1 
cells in presence of Mg. The mean ± SD values were calculated from three biological experiments. Out 
of three replicates of a biological experiment, for the purpose of this analysis, only one sample was 
taken from each technical replicate within the biological experiments (n=3). A two-way ANOVA with 
Tukey's post-hoc analysis was employed for statistical evaluation (* pҖ0.05, ** pҖ0.01, *** pҖ0.001, 
**** p Җ0.0001 
 

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 staining. The T.B stained images observed under microscopy are shown in Figure 29. 
The highest production of GAGs was reported in cells treated with Mg. This 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 stained extracellular matrix in inflamed cells with Mg. This indicated the 
possibility of Mg in promoting cartilage lineage. However, a quantitative estimation is required to 
make a further conclusion.  
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Figure 29: GAG production in SCP-1 cells differentiation 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 dark blue areas represent stained acidic 
extracellular matrix scalebar 100 µm. 
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4.5.3 Influence of Mg microparticles on the formation of osteoblasts 

Likewise, to the chondrogenic staining, studies were undertaken to interpret Mg favoring osteogenesis 
in SCP-1s Figure 30.  

 

 
 
Figure 30: ARS staining indicating mineralization. The differentiation study performed till week 3 (21 
days) in presence of cells in osteogenic supplements (Contr.O), Mg microparticles (Mg), cells induced 






































































