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Abstract 

The progressive degradation of articular cartilage is a significant hallmark in the onset of 

osteoarthritis (OA). Aging, traumatic injury, excessive physical exercise, obesity, 

hyperlipidaemia, elevation in blood sugar level, as well as estrogen deficiency (menopausal 

women) and synovial inflammation are considered key risk factors that accelerate the 

degeneration of healthy, functioning articular cartilage. Clinicians worldwide are mainly 

focused on pain management therapy by prescribing various non-steroidal anti-inflammatory 

drugs (NSAIDs), visco-supplementation, steroidal injections and physiotherapy as a few 

available non-surgical therapeutic approaches to contain the symptoms of OA. The surgical 

treatment strategy in such cases (Total knee arthroplasty or Unicompartmental knee 

arthroplasty) further aggravates the patient's condition, leading to additional problems of post-

operative pain, joint stiffness, and in situ infections. This compelled the researchers to adopt 

tissue-engineering-based strategies using a diverse combination of biomaterials, cell types, and 

scaffolding techniques to regenerate damaged cartilage in an osteoarthritic environment, 

aiming for long-term symptomatic relief in OA. However, only a few approaches could 

successfully overcome the benchmarks of clinical trials. This is because the majority of 

strategies focus on the traditional chondrogenic differentiation protocol, which uses exogenous 

growth factors and short-lived small-molecule supplements, often in undesired combinations 

of complex biomaterials. This can be further attributed to the absence of immunomodulation, 

reactive oxygen species clearance, hypersecretion of mechanically inferior collagen type I 

matrices, or the formation of transient cartilage rather than hyaline cartilage in an OA 

microenvironment. Therefore, the present study utilizes chemically modified silk fibroin in 

various formats, ranging from protective nanocoatings to injectable hydrogels, ultimately 

leading to 3D bioprinted synthetic cartilage tissue mimics that can successfully regenerate neo-

articular cartilage while inhibiting hypertrophic differentiation within a full-thickness cartilage 

defect in an OA rat model. 

A silk protein ionomer-based layer-by-layer (LBL) nanocoating strategy was utilized to 

preserve the viability, metabolic activity, and differentiation potential of human mesenchymal 

stem cells (hMSCs) in an in vitro inflamed osteoarthritis (OA) tissue niche.   These temporary 

ionomer coatings for cell protection were functionalized with cytokines to impart immune-

modulatory behavior. The cytokine-functionalized ionomer nanocoatings polarized neutral M0 

macrophages into M1 and M2 subtypes, depending on the specific cytokine used, thereby 
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reducing synovial inflammation in an in vitro setup. This approach would potentially abrogate 

the need for ex vivo polarization before transplantation during immunotherapy. The modular 

nature of these silk ionomer nanocoatings for tailoring cell surface stability was further 

validated by extending the cell coatings to 3D spheroids and by introducing tyramine into the 

cationic silk ionomer to facilitate covalent crosslinking in addition to electrostatic interactions 

between the cell surface and the ionomers.  These results demonstrate the versatile and modular 

nature of silk-based ionomer cell nanocoatings, allowing control at material, cellular, and 

spheroid levels to tune coating stability and inflammatory responses. These systems uniquely 

impart immunomodulatory function, providing a biomaterial platform for cell-based immune-

regenerative therapy, such as for OA and other inflammatory diseases. 

The existing cartilage tissue engineering strategies fail to recapitulate the native cartilage 

extracellular matrix (ECM) cues in their scaffolds, which not only exhibit pro-chondrogenic 

traits but also exert chondroprotective effects against the surrounding harsh osteoarthritic (OA) 

niche. As a result, the cartilage tissue that forms undergoes fibrosis, which often goes unnoticed 

and remains uncharacterized. Thus, in our current study, we designed glucosamine (GlcN)-

functionalized silk fibroin (SF) with varying degrees of substitution, leveraging different 

reactive amino acid side chains (SF(S)-GlcN, SF(D, E)-GlcN),  in combination with tyramine-

modified gelatin (G-TA), to simulate the in vivo hyaline cartilage ECM composition. The 

resultant injectable hydrogel matrix, in the presence of horseradish peroxidase and hydrogen 

peroxide, can perform a multitude of functions, including antioxidant and anti-inflammatory 

activities, chondrogenesis, and anti-fibrotic roles. Physicochemical and rheological analysis of 

the hydrogels demonstrated structural stability, viscoelastic behavior, and modulus recovery, 

key parameters for an injectable hydrogel. The microporous hydrogel networks supported the 

migration, adhesion, and proliferation of human mesenchymal stem cells (hMSCs) at passage 

2 for both SF(S)-GlcN/G-TA and SF(D, E)-GlcN/G-TA hydrogels. Extensive biological 

characterization revealed that SF(S)-GlcN/G-TA has better antioxidant, anti-inflammatory, 

pro-chondrogenic, and anti-fibrotic traits, necessitating a dependency on the glucosamine 

substitution (high for SF(S)-GlcN) for the chondroprotective effects of the hydrogel systems. 

Therefore, the present study demonstrates a multifunctional cartilage ECM-mimicking 

hydrogel system with clinical potential for neo-cartilage regeneration in an OA 

microenvironment. The transforming growth factor β (TGF-β) cytokine family plays a 

significant role in articular cartilage formation, from mesenchymal condensation to 

chondrogenic differentiation. However, the exogenous addition of these factors to the 
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chondrogenic media or their immobilization onto the scaffolds makes the protocol expensive.  

Additionally, it reduces the cytokine's bioavailability to cells due to its burst release. Our study 

demonstrates an advanced bioconjugation strategy for covalently linking TGFβ3 to a silk 

fibroin matrix via cyanuric chloride coupling. The tethering and change in secondary 

conformation were confirmed using various spectroscopic analyses. To assess the biological 

functionality of the chemically modified silk matrix, human BMSCs and chondrocytes were 

cultured for 28 days in a chondrogenic differentiation medium. Gene expression and 

histological analysis revealed enhanced expression of chondrogenic markers, accompanied by 

intense Safranin-O and Alcian Blue staining, in TGFβ3-conjugated silk matrices compared 

with exogenously added TGFβ3 in the media for both human BMSCs and chondrocytes. 

Therefore, this study successfully recapitulated the native niche of TGFβ3 and the role of the 

silk matrix as a stabilizer of growth factors. When cultured on TGFβ3-conjugated silk matrices, 

human BMSCs exhibited increased proteoglycan secretion and displayed a maximum 

chondrogenic trait, with attenuation of chondrocyte hypertrophy compared to human 

chondrocytes. 

Implantation of a phenotypically stable cartilage graft could represent a viable approach for 

repairing osteoarthritic (OA) cartilage lesions. In the present study, we investigated the effects 

of modulating the Bone Morphogenetic Protein (BMP), Transforming Growth Factor beta 

(TGFβ), and Interleukin-1 (IL-1) signaling cascades in human bone marrow stromal cells 

(hBMSCs) encapsulated in silk fibroin-gelatin (SF-G) bioink. The selected small molecules, 

LDN193189, TGFβ3, and IL-1 receptor antagonist (IL1Ra), are covalently conjugated to SF-

G biomaterial to ensure sustained release, increased bioavailability, and printability, as 

confirmed by ATR-FTIR, release kinetics, and rheological analyses. The 3D bioprinted 

constructs with chondrogenically differentiated hBMSCs were incubated in an in vitro OA-

inducing medium for 14 days and assessed using detailed qPCR, Immunofluorescence, and 

biochemical analyses. Despite substantial heterogeneity in the observations among donors, the 

IL1Ra molecule demonstrated the greatest efficiency in enhancing the expression of articular 

cartilage components, reducing the expression of hypertrophic markers (as validated by the 

GeneMANIA tool), and reducing the production of inflammatory molecules by hBMSCs. 

Therefore, this study demonstrates a novel strategy for developing a chemically decorated, 

printable biomimetic SF-G bioink to produce hyaline cartilage grafts resistant to the 

development of OA traits, which can be used to treat degenerated cartilage lesions. 
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Regenerating articular cartilage within osteoarthritis (OA)-affected joints remains challenging 

due to an incomplete understanding of cartilage development and repair. Existing tissue 

engineering strategies often yield suboptimal hypertrophic or fibrotic cartilage. This study 

introduces a novel chemically modified silk-based biomaterial that modulates key signaling 

pathways involved in OA and cartilage repair by concurrently inhibiting the pro-osteogenic 

bone morphogenetic protein (BMP) pathway and inherently activating the Wnt/β-catenin 

signaling pathway, a crucial pathway for chondrogenic differentiation and cartilage 

homeostasis. To achieve this dual modulation, the potent selective BMP inhibitor LDN-193189 

was covalently conjugated to Silk Fibroin–Gelatin (SF-G) bioink using cyanuric chloride. Silk, 

with its inherent ability to activate the pro-chondrogenic Wnt pathway, served as a biomimetic 

delivery platform, providing robust mechanical resilience and thus supporting the regeneration 

of load-bearing articular cartilage. The 3D bioprinted LDN-193189-conjugated SF-G 

construct, encapsulated with rat BMSCs, demonstrated enhanced in vitro chondrogenesis, anti-

hypertrophic characteristics, and optimal biodegradability. The functionalized biomaterial was 

implanted into an overcritical-sized cartilage defect in a rat's femoral trochlear groove, which 

had already been subjected to anterior cruciate ligament transection (ACLT)-induced 

osteoarthritis. In vivo studies confirmed successful neocartilage regeneration, as evidenced by 

dense Safranin O staining and Collagen Type II expression. The absence of hypertrophic, 

fibrocartilage, and inflammatory markers indicates the authenticity of the newly formed 

hyaline cartilage, even in a severe osteoarthritic environment. Overall, the LDN-193189-

conjugated silk-based material overcame the challenges of maintaining the hyaline nature of 

neocartilage regenerated in osteoarthritic joints, indicating a promising regenerative 

therapeutic approach for OA. 
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सार 

 

संिध उपाİ˕ का Ţिमक Ɨरण ऑİːयोआथŊराइिटस (OA) की शुŜआत का एक महȕपूणŊ लƗण है। 

उŲ बढ़ना, आघातजɊ चोट, अȑिधक शारीįरक ʩायाम, मोटापा, हाइपरिलिपिडिमया, रƅ शकŊ रा के 

ˑर मŐ वृİȠ, साथ ही ए Ōː ोजन की कमी (रजोिनवृȅ मिहलाओ ं मŐ) और िसनोिवयल सूजन, ˢ˕, 

कायŊशील संिध उपाİ˕ के Ɨरण को तेज करने वाले Ůमुख जोİखम कारक माने जाते हœ। दुिनया भर के 

िचिकȖक मुƥ ŝप से ददŊ  Ůबंधन िचिकȖा पर ȯान कŐ िūत कर रहे हœ, िजसमŐ OA के लƗणो ंको 

िनयंिũत करने के िलए िविभɄ गैर-ːेरायडल सूजनरोधी दवाएं (NSAIDs), िवˋो-सɘीमŐटेशन, 

ːेरायडल इंजेƕन और िफिजयोथेरेपी जैसे कुछ उपलɩ गैर-शʞ िचिकȖा उपचार शािमल हœ। ऐसे 

मामलो ंमŐ शʞ िचिकȖा उपचार रणनीित (टोटल नी आŪŖɘाːी या यूिनकंपाटŊमŐटल नी आŪŖɘाːी) 

रोगी की İ˕ित को और िबगाड़ देती है, िजससे ऑपरेशन के बाद ददŊ , जोड़ो ंमŐ अकड़न और संŢमण 

जैसी अितįरƅ सम˟ाएं पैदा हो जाती हœ। इसने शोधकताŊओ ं को ऑİːयोआिŪŊिटक वातावरण मŐ 

ƗितŤˑ उपाİ˕ को पुनजŎिवत करने के िलए बायोमटेįरयल, सेल Ůकार और मचान तकनीको ंके एक 

ǜलंत संयोजन का उपयोग करके ऊतक इंजीिनयįरंग-आधाįरत रणनीितयो ंको अपनाने के िलए मजबूर 

िकया, िजसका लƙ ओए मŐ दीघŊकािलक लƗणाȏक राहत Ůाɑ करना था। हालांिक, केवल कुछ 

̊िʼकोण ही नैदािनक परीƗणो ंके मानदंडो ंको सफलतापूवŊक पार कर सके। ऐसा इसिलए है Ɛोिंक 

अिधकांश रणनीितयाँ पारंपįरक चोडंŌ ोजेिनक भेदभाव Ůोटोकॉल पर अिधक ȯान कŐ िūत करती हœ, जो 

बिहजाŊत वृİȠ कारको ंऔर छोटे-अणु की खुराक का उपयोग बŠत कम अधŊ-आयु के साथ करती है, 

अƛर अवांिछत जिटल बायोमटेįरयल संयोजनो ं के साथ। इसे इʄूनोमॉǰूलेशन की अनुपİ˕ित, 

ŮितिŢयाशील ऑƛीजन Ůजाितयो ंकी िनकासी, यांिũक ŝप से िनɻ कोलेजन Ůकार I मैिटŌ सेस के 

हाइपरसेŢेशन, या ओए माइŢोएɋायरमŐट के संपकŊ  मŐ आने पर हाइिलन उपाİ˕ के बजाय Ɨिणक 

उपाİ˕ के गठन के िलए िजʃेदार ठहराया जा सकता है। इसिलए, वतŊमान अȯयन मŐ िविभɄ ˢŝपो ं

मŐ रासायिनक ŝप से संशोिधत रेशम का उपयोग िकया गया है, िजसमŐ सुरƗाȏक नैनोकोिटंग से लेकर 

इंजेƃेबल हाइडŌ ोजेल तक शािमल हœ, जो अंततः  3D बायोिŮंटेड िसंथेिटक उपाİ˕ ऊतक की नकल 

करता है जो एक ओए चूहे मॉडल मŐ पूणŊ-मोटाई उपाİ˕ दोष के भीतर हाइपरटŌ ॉिफक भेदभाव को रोकते 

Šए नव-आिटŊकुलर उपाİ˕ को सफलतापूवŊक पुनजŎिवत कर सकता है। 

रेशम Ůोटीन आयनोमर-आधाįरत परत-दर-परत (एलबीएल) नैनोकोिटंग रणनीित का उपयोग मानव 

मेसेनकाइमल ːेम कोिशकाओ ं (एचएमएससी) की ʩवहायŊता, उपापचयी िŢयाशीलता और िवभेदन 
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Ɨमता को इन-िवटŌ ो सूजन वाले ऑİːयोआथŊराइिटस (ओए) ऊतक िनके मŐ संरिƗत करने के िलए िकया 

गया था। कोिशका सुरƗा के िलए इन अ˕ायी आयनोमर कोिटंƺ को ŮितरƗा-संशोधक ʩवहार Ůदान 

करने के िलए साइटोकाइɌ के साथ िŢयाशील बनाया गया था। साइटोकाइन-िŢयाशील आयनोमर 

नैनोकोिटंƺ ने तट˕ M0 मैŢोफेज को M1 और M2 उपŮकारो ंमŐ Ŭुवीकृत िकया, जो Ůयुƅ िविशʼ 

साइटोकाइन पर िनभŊर करता है, िजससे इन-िवटŌ ो सेटअप मŐ िसनोिवयल सूजन कम हो जाती है। यह 

̊िʼकोण संभािवत ŝप से ŮितरƗा िचिकȖा के दौरान Ůȑारोपण से पहले एƛ िववो Ŭुवीकरण की 

आवʴकता को समाɑ कर देगा। कोिशका सतह İ˕रता को अनुकूिलत करने मŐ इन रेशम आयनोम 

नैनोकोिटंƺ की मॉǰूलर Ůकृित को कोिशका कोिटंƺ को 3D गोलाकार तक िवˑाįरत करके और 

कोिशका सतह और आयनोमसŊ के बीच इलेƃŌ ोːैिटक अंतः िŢयाओ ं के अलावा सहसंयोजक 

Ţॉसिलंिकंग को सुगम बनाने के िलए धनायिनक रेशम आयनोमसŊ मŐ टायरामाइन डालकर और भी पुʼ 

िकया गया। ये पįरणाम रेशम-आधाįरत आयनोमसŊ कोिशका नैनोकोिटंƺ की बŠमुखी और मॉǰूलर 

Ůकृित को ŮदिशŊत करते हœ, जो कोिटंग İ˕रता और सूजन ŮितिŢयाओ ंको समायोिजत करने के िलए 

पदाथŊ, कोिशकीय और गोलाकार ˑरो ंपर िनयंũण की अनुमित देते हœ। ये Ůणािलयाँ िविशʼ ŝप से 

ŮितरƗा-िनयंũक कायŊ Ůदान करती हœ, जो कोिशका-आधाįरत ŮितरƗा-पुनयŖजी िचिकȖा, जैसे िक ओए 

और अɊ सूजन संबंधी रोगो ंके िलए, एक जैव-पदाथŊ मंच Ůदान करती हœ। 

मौजूदा उपाİ˕ ऊतक इंजीिनयįरंग रणनीितयाँ अपने ˋैफोʒ मŐ मूल उपाİ˕ बा˨ कोिशकीय मैिटŌ ƛ 

(ईसीएम) संकेतो ंको दोहराने मŐ िवफल रहती हœ, जो न केवल Ůो-कॉȵŌ ोजिनक लƗण ŮदिशŊत करती हœ 

बİʋ आसपास के कठोर ऑİːयोआिŪŊिटक (ओए) आला के İखलाफ कॉȵŌ ोŮोटेİƃव उȅेजना भी 

डालती हœ। नतीजतन, बनने वाले उपाİ˕ ऊतक फाइŰोिसस से गुजरते हœ, जो अƛर अनदेखा और 

अǒात रहता है। इस Ůकार, हमारे वतŊमान अȯयन मŐ, हमने एक Ƹूकोसामाइन-फंƕनलाइǕ िसʋ 

फाइŰोइन (दो Ůित˕ापन मागŊ: सेरीन (एस) और Ƹूटामेट, ए˙ाटőट (डी, ई)) िजलेिटन इंजेƃेबल 

हाइडŌ ोजेल िसːम तैयार िकया है जो एंटीऑƛीडŐट और एंटी-इंɢेमेटरी गितिविधयो ं से लेकर 

कॉȵŌ ोजिनक भेदभाव और फाइŰोिसस अवरोध तक कई कायŘ को कर सकता है। मैŢोपोरस हाइडŌ ोजेल 

नेटवकŊ  ने SF(S)-GlcN-G-TA और SF(D,E)-GlcN-G-TA हाइडŌ ोजेल दोनो ं के िलए मानव 

मेसेनकाइमल ːेम कोिशकाओ ं (hMSCs) के Ůवास, आसंजन और Ůसार को बढ़ावा िदया। ʩापक 

जैिवक लƗण-िनधाŊरण से पता चला िक SF(S)-GlcN-G-TA रेडॉƛ, इʄूनोमॉǰूलेटरी और 

आिटŊकुलर-कािटŊलेज िवभेदन गुणो ं को ŮदिशŊत करने मŐ बेहतर है, िजससे हाइडŌ ोजेल Ůणािलयो ं के 

उपाİ˕-सुरƗाȏक Ůभावो ंके िलए Ƹूकोसामाइन Ůित˕ापन (SF(S)-GlcN के िलए उǄ) पर िनभŊरता 

आवʴक हो गई। इसिलए, यह अȯयन एक बŠिŢयाशील कािटŊलेज ECM-अनुकरण करने वाली 
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हाइडŌ ोजेल Ůणाली को ŮदिशŊत करता है िजसमŐ OA सूƘ वातावरण मŐ नव-कािटŊलेज पुनजŊनन की 

नैदािनक Ɨमता है। 

साइटोकाइɌ का ŝपांतरणकारी वृİȠ कारक β वगŊ, मेसŐकाइमल संघनन से लेकर उपाİ˕ िनमाŊण मŐ 

उपाİ˕जɊ िवभेदन तक महȕपूणŊ भूिमका िनभाता है। हालाँिक, उपाİ˕जɊ माȯम मŐ इन कारको ं

का बिहजाŊत योग या ˋैफोʒ पर उनका İ˕रीकरण इस ŮिŢया को महंगा बना देता है। इसके 

अितįरƅ, यह कोिशकाओ ंमŐ साइटोकाइन की जैवउपलɩता को उनके फटने के कारण कम कर देता 

है। हमारा अȯयन एक सायɊूįरक Ƒोराइड युƵन अिभिŢया के माȯम से TGFβ3 को रेशम 

फ़ाइŰाइन मैिटŌ ƛ के साथ सहसंयोजक ŝप से संयुİƵत करने की एक उɄत जैवसंयुƵन रणनीित को 

ŮदिशŊत करता है। िविभɄ ˙ेƃŌ ोˋोिपक िवʶेषणो ंका उपयोग करके टेदįरंग और िȪतीयक संŝपण 

मŐ पįरवतŊन की पुिʼ की गई। रासायिनक ŝप से संशोिधत रेशम मैिटŌ ƛ की जैिवक कायŊƗमता का 

आकलन करने के िलए, मानव BMSCs और उपाİ˕जɊ कोिशकाओ ंको उपाİ˕जɊ िवभेदन माȯम 

मŐ 28 िदनो ंतक संविधŊत िकया गया। जीन अिभʩİƅ और ऊतकवैǒािनक िवʶेषण से पता चला िक 

TGFβ3-संयुİƵत रेशम आʩूहो ंमŐ, तीŴ सůािनन-O और एİ̵शयन ɰू अिभरंजन के साथ, चोडंŌ ोजेिनक 

माकŊ रो ंकी अिभʩİƅ मŐ वृİȠ Šई, जबिक TGFβ3 को मानव BMSCs और उपाİ˕ कोिशकाओ,ं दोनो ं

के िलए माȯम मŐ बा˨ ŝप से िमलाए जाने पर यह वृİȠ देखी गई। इसिलए, इस अȯयन ने TGFβ3 के 

मूल िनकेत और वृİȠ कारको ं के İ˕रक के ŝप मŐ रेशम आʩूह की भूिमका को सफलतापूवŊक 

दोहराया। TGFβ3-संयुİƵत रेशम आʩूहो ंपर संविधŊत होने पर, मानव BMSCs ने ŮोिटयोƸाइकन ŷाव 

मŐ वृİȠ और अिधकतम उपाİ˕ कोिशकाओ ं की िवशेषता ŮदिशŊत की, साथ ही मानव उपाİ˕ 

कोिशकाओ ंकी तुलना मŐ उपाİ˕ कोिशका अितवृİȠ मŐ कमी देखी गई। 

फेनोटाइिपक ŝप से İ˕र कािटŊलेज Ťाɝ का Ůȑारोपण ऑİːयोआिŪŊिटक (OA) कािटŊलेज घावो ंकी 

मरʃत के िलए एक ʩवहायŊ ̊िʼकोण Ůˑुत कर सकता है। वतŊमान अȯयन मŐ, हमने िसʋ 

फ़ाइŰोइन-िजलेिटन (SF-G) बायोइंक मŐ संपुिटत मानव अİ˕ मǍा Ōː ोमल कोिशकाओ ं(hBMSCs) मŐ 

बोन मॉफŖजेनेिटक Ůोटीन (BMP), टŌ ांसफ़ॉिमōग Ťोथ फ़ैƃर बीटा (TGFβ), और इंटरʞूिकन-1 (IL-1) 

िसưिलंग कैˋेड के मॉǰूलेशन के Ůभावो ंकी जाँच की। चयिनत छोटे अणु, LDN193189, TGFβ3, 

और IL-1 įरसेɐर ŮितपƗी (IL1Ra), SF-G बायोमटेįरयल से सहसंयोजक ŝप से संयुİƵत होते हœ तािक 

िनरंतर įरलीज़, बढ़ी Šई जैवउपलɩता और िŮंटेिबिलटी सुिनिʮत हो सके, जैसा िक ATR-FTIR, įरलीज़ 

कैनेटीƛ और įरयोलॉिजकल िवʶेषणो ंȪारा पुिʼ की गई है। उपाİ˕जिनत ŝप से िवभेिदत hBMSCs 

युƅ िũ-आयामी जैव-मुिūत संरचनाओ ंको इन िवटŌ ो OA-Ůेरक माȯम मŐ 14 िदनो ंतक संविधŊत िकया 
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गया और िवˑृत qPCR, इʄूनोɢोरेसŐस और जैव-रासायिनक िवʶेषणो ंके माȯम से उनका मूʞांकन 

िकया गया। दाताओ ंके बीच अवलोकनो ंमŐ पयाŊɑ िविवधता के बावजूद, IL1Ra अणु ने संिध उपाİ˕ 

घटको ं की अिभʩİƅ को बढ़ाने, हाइपरटŌ ॉिफक माकŊ रो ं की अिभʩİƅ को कम करने (जैसा िक 

GeneMANIA उपकरण Ȫारा Ůमािणत है), और hBMSCs Ȫारा भड़काऊ अणुओ ंके उȋादन को कम 

करने मŐ अिधकतम दƗता ŮदिशŊत की। इसिलए, यह अȯयन OA लƗणो ंके िवकास के Ůित Ůितरोधी 

हाइलाइन उपाİ˕ Ťाɝ का उȋादन करने हेतु एक रासायिनक ŝप से अलंकृत, मुūण योƶ 

बायोिममेिटक SF-G बायोइंक िवकिसत करने की एक नवीन रणनीित ŮदिशŊत करता है, िजसका उपयोग 

िवकृत उपाİ˕ घावो ंके उपचार के िलए िकया जा सकता है। 

 

ऑİːयोआथŊराइिटस (OA) से Ůभािवत जोड़ो ंमŐ आिटŊकुलर कािटŊलेज का पुनजŊनन, कािटŊलेज के िवकास 

और मरʃत की अपूणŊ समझ के कारण, चुनौतीपूणŊ बना Šआ है। मौजूदा ऊतक अिभयांिũकी रणनीितयाँ 

अƛर िनɻ-इʼतम हाइपरटŌ ॉिफक या फाइŰोिटक कािटŊलेज उȋɄ करती हœ। यह अȯयन एक नवीन 

रासायिनक ŝप से संशोिधत रेशम-आधाįरत जैव-सामŤी Ůˑुत करता है जो Ůो-ऑİːयोजेिनक बोन 

मॉफŖजेनेिटक Ůोटीन (BMP) मागŊ को एक साथ बािधत करके और Wnt/β-कैटेिनन िसưिलंग मागŊ, जो 

िक उपाİ˕जɊ िवभेदन और उपाİ˕ होिमयोːेिसस के िलए एक महȕपूणŊ मागŊ है, को ˢाभािवक ŝप 

से सिŢय करके OA और उपाİ˕ की मरʃत मŐ शािमल Ůमुख संकेतन मागŘ को िनयंिũत करता है। 

इस दोहरे िनयंũण को Ůाɑ करने के िलए, शİƅशाली चयनाȏक BMP अवरोधक LDN-193189 को 

सायɊूįरक Ƒोराइड का उपयोग करके िसʋ फाइŰोइन-िजलेिटन (SF-G) बायोइंक के साथ 

सहसंयोजक ŝप से संयुİƵत िकया गया। Ůो-कॉȵŌ ोजेिनक Wnt मागŊ को सिŢय करने की अपनी 

अंतिनŊिहत िवशेषताओ ंके साथ, िसʋ ने एक बायोिममेिटक िवतरण ɘेटफ़ॉमŊ के ŝप मŐ कायŊ िकया, 

जो मज़बूत यांिũक लचीलापन Ůदान करता है और इस Ůकार भार वहन करने वाले आिटŊकुलर कािटŊलेज 

के पुनजŊनन मŐ सहायक होता है। चूहे के BMSCs से युƅ, 3D बायोिŮंटेड LDN-193189-संयुİƵत SF-

G संरचना ने इन िवटŌ ो कॉȵŌ ोजेिनक गुणो ं मŐ वृİȠ, एंटी-हाइपरटŌ ॉिफक िवशेषताओ ं और इʼतम 

जैविनɻीकरण Ɨमता का ŮदशŊन िकया। िŢयाशील बायोमटेįरयल को चूहे के फीमरल टŌ ोİƑयर Ťूव मŐ 

एक अित-महȕपूणŊ आकार के कािटŊलेज दोष मŐ Ůȑारोिपत िकया गया, जो पहले से ही एंटीįरयर Ţूिसएट 

िलगामŐट टŌ ांसेƕन (ACLT)-Ůेįरत ऑİːयोआथŊराइिटस से Ťˑ था। इन िववो अȯयनो ं ने सघन 

सैůािनन O अिभरंजन और कोलेजन Ůकार II की अिभʩİƅ के माȯम से सफल िनयोकािटŊलेज 

पुनजŊनन की पुिʼ की। हाइपरटŌ ॉिफक, फाइŰोकािटŊलेज और इ̢ɢेमेटरी माकŊ रो ंकी अनुपİ˕ित, गंभीर 



 

xi 
 

ऑİːयोआिŪŊिटक वातावरण मŐ भी, नविनिमŊत हाइलाइन कािटŊलेज की Ůामािणकता को इंिगत करती है। 

कुल िमलाकर, LDN-193189-संयुİƵत रेशम-आधाįरत पदाथŊ ने ऑİːयोआिŪŊिटक जोड़ो ंमŐ पुनजŎिवत 

िनयोकािटŊलेज की हाइलाइन Ůकृित को बनाए रखने की चुनौितयो ं पर िवजय Ůाɑ की, जो 

ऑİːयोआिŪŊिटक जोड़ो ंके िलए एक आशाजनक पुनयŖजी िचिकȖीय ̊िʼकोण का संकेत देता है। 
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List of Figures 
Chapter 1 

1.1 Histology of a) Healthy cartilage and b) Osteoarthritic cartilage. Dense 
Safranin O staining in healthy cartilage envisages the presence of enormous 
glycosaminoglycan content, whereas negligible positive staining is observed 
in the case of osteoarthritic cartilage samples. The fibrillation of the superficial 
layer and cellular aggregation clearly distinguish the hypertrophic cartilage 
from the healthy cartilage, marked by an intact superficial layer and 
homogenous cellular distribution.  
 

1.2 Graphical illustration demonstrating the single point of origin of permanent 
and transient cartilage, regulated by a wide array of transcription factors and 
signaling molecules.  
 

1.3 H&E staining of healthy and hypertrophic cartilage demonstrates increased 
cell volume and cell clustering in the hypertrophic cartilage. The possible 
reason is the osmotic influx of water through aquaporin channels, driven by 
changes in the hypertrophic microenvironment's osmolarity. A pertinent 
question is whether the increase in chondrocyte volume and clustering arises 
due to hypertrophic maturation or whether this chondrocyte swelling is 
associated with abnormal (neo)matrix production and directly/indirectly 
causes cartilage graft failure. Moreover, when the isolated chondrocytes are 
expanded in vitro in 2D, they lose their round morphology and assume a 
fibroblastic characteristic marked with an increased expression of COL-I 
instead of COL-II through a process termed ‘cellular dedifferentiation’. When 
these cells are cultured in 3D systems (embedded in a hydrogel), the round 
morphology of the chondrocyte is restored with an expression of articular 
cartilage-specific markers. However, the ambiguity lies in the fact that if the 
‘cellular de-differentiation’ phenomenon can be reversed in 3D culture 
models, what could be the possible source of chondrocyte hypertrophy when 
the same chondrocyte-laden tissue constructs are implanted in vivo? 
 

1.4. The dysfunctioning of the pro-chondrogenic signaling pathways and their 
mechanistic crosstalk ensued from the vast array of chondrogenic media 
supplements and the surrounding in vitro biomimetic microenvironment 
 

Chapter 2 

2.1.  The layer-by-layer deposition of silk ionomer nanocoating preserved the 
viability, proliferation, metabolic activity and differentiation potential of 
hMSCs. a) Chemical synthesis of the cationic and anionic silk ionomers 
through carbodiimide and diazonium chemistries, b) Nanoencapsulation 
mechanism of  layer-by-layer deposition of the cationic and anionic silk 
ionomers on the cell surface, c) Fluorescence microscopy images 
demonstrating the stability of the nanocoatings on the cell surface up to 72 h 
with further aggregation at 168 h (day 7) (Scale bar: 100 μm), d)  SEM 
micrographs illustrating the successful deposition of nanocoating on the cell 
surface (Scale bar: 2 μm), e) Topographic image of non-coated control (Scale 
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bar: 4 μm), 3-bilayer and 6-bilayer (Scale bar: 6 μm) nanocoated MSCs  using 
contact mode of AFM, f) Bar graph comparing the Young’s modulus of the 3-
bilayer and 6-bilayer nanocoated hMSCs with the non-coated control until day 
7(*p < 0.05, **p < 0.01 and ***p < 0.001), g) Live/dead imaging showing the 
viability of the hMSCs post nano-coating (Scale bar: 100 μm), h) 
Quantification of cell proliferation after nanoencapsulation at days 1, 3 and 7 
using Alamar blue assay (*p < 0.05, **p < 0.01 and ***p < 0.001)(normalized 
to the non-coated control Alamar blue data), i) Quantification of metabolic 
activity of the MSCs post 3 and 6-bilayer nanocoating at day 7 (*p < 0.05, **p 
< 0.01 and ***p < 0.001), and j) Intact differentiation potential of the MSCs 
post-nanocoating (Scale bar:100 μm).  
 

2.2 The protective role of increasing layer thickness in shielding the coated MSCs 
against OA microenvironmental and biomechanical stressors, a) Graphical 
representation of the experimental overview to evaluate the efficacy of 
nanocoating strategies in protecting the cell against OA stress signals, b) 
Live/dead micrographs showing the viability of nano-encapsulated MSCs 
incubated in 72 h cocktail stress media (Combination of 0.05 ng/ml of 
Interleukin 1 beta (IL-1β), 0.05 ng/ml of TNFα and 0.1 ng/ml of Interleukin 6 
(IL-6), 0.5 mM of hydrogen peroxide, 0.05 U of Protease XIV and 0.5 mM of 
CoCl2) (Scale bar: 100 μm), c) Heat map representing the LDH release profile 
of the 3 and 6-bilayer coated MSCs post 72 h incubation in OA-mimicking 
catabolic stress media (INFL: Inflammation media, OS: Oxidative stress 
media, PS: Protease stress media, Hyp: Hypoxia stress media), d) Heat map 
representing the Alamar blue intensity profile of the 3 and 6-bilayer coated 
MSCs post 72 h incubation in OA-mimicking catabolic stress media, e) 
Live/dead micrographs demonstrating the efficacy of 3 and 6-bilayer coated 
MSCs in protecting the cells from mechanical stress for 150, 300 and 600 s 
respectively (Scale bar: 100 μm), f) Quantification of cell viability as a 
function of cell proliferation after subjecting the nanocoated cells to 
mechanical stress for 150, 300 and 600 s respectively (*p < 0.05, **p < 0.01 
and ***p < 0.001) (normalized to the control and nanoencapsulated cells 
subjected to no shear force), g) Evaluation of cell membrane integrity as a 
function of LDH release quantification after subjecting the nanocoated cells 
to mechanical stress for 150, 300 and 600 s respectively (*p < 0.05, **p < 
0.01 and ***p < 0.001), h) Experimental work flow to predict the fate of the 
nanocoatings post-disengaging from the cell surface, and i, j and k) 
demonstrating the internalization of the detached SF ionomer by the 
macrophages using flow cytometry  
 

2.3 Viability assessment of the nanocoated hMSCs following incubation in 
different OA microenvironmental stressors, a) Inflammation (0.05 ng/ml IL-
1β, 0.05 ng/ml of TNFα and 0.1 ng/ml of IL-6), b) 0.1 mM H2O2 (Oxidative 
stress), c) 0.5 mM H2O2 (Oxidative stress), d) 0.01 U Protease XIV, e) 0.05 U 
Protease XIV, f) 0.1 mM CoCl2 (Hypoxia), g) 0.5 mM CoCl2 (Hypoxia); 
(Scale bar: 100 μm), h) Bar graph representation of the alamar blue assay 
quantifying the hMSC proliferation rate post-incubation in different OA 
catabolic stress mediums for 72 h, and i) Bar graph representation of the LDH 
assay quantifying the hMSC cell membrane integrity post-incubation in 
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different OA catabolic stress mediums for 72 h (*p < 0.05, **p < 0.01 and 
***p < 0.001). 
 

2.4 An anti-inflammatory nanocoating to modulate hypertrophic differentiation of 
chondrocytes and simultaneously immunomodulate the surrounding 
inflammatory microenvironment, a) Fluorescence micrographs comparing the 
expression pattern of hypertrophic marker, collagen type X (COL-X) in the 
nanocoated chondrocytes post-incubation in hypertrophic medium for 7 days 
(anti-inflammatory coating: silk ionomer nanocoating functionalized with 
anti-inflammatory cytokines, standard coating: cationic and anionic silk 
ionomer, non-coated control: only MSCs without encapsulation) (Scale bar: 
100 μm), b) Corresponding relative COL-X fluorescence intensities of the 
respective non-coated control, standard coating and anti-inflammatory coating 
experimental groups, c) Graphical representation illustrating the effect of anti-
inflammatory nanocoating on the hypertrophic differentiation of 
chondrocytes, d) Graphical representation of the immunomodulatory effect of 
the anti-inflammatory nanocoating in promoting M1 repolarization to M2 
when co-cultured with anti-inflammatory coated chondrocytes for 72 h, and e) 
Fluorescence micrographs comparing the potency of M2 phenotype 
conversion from M1 post-co culturing with anti-inflammatory nanocoated 
chondrocytes using M1-specific CD86 and M2-specific CD206 marker 
expressions (Scale bar: 100 μm). 
 
 

2.5 Quantitative evaluation of the extent of macrophage polarization as a function 
of fluorescence intensity, a, b and c) Relative fluorescence intensity 
measurements of CD86 and CD206 and M1/M2 ratio assessment, d) 
Fluorescence intensity calculations of CD86, iNOS, CD206 and Arg staining 
in nanoencapsulated M1 and M2 macrophages, and e) Fluorescence intensity 
of α-SMA staining in synoviocytes. All the quantifications were conducted 
using ImageJ software (*p < 0.05, **p < 0.01 and ***p < 0.001). 
 

2.6 In situ nanocoating-mediated polarization of neutral M0 macrophages to M1 
or M2 phenotype and their immunoregulatory role in modulating inflamed OA 
synovium, a) Graphical overview of utilizing anti-inflammatory (IL-4 + IL-
13+IL1Ra) and pro-inflammatory (LPS + IFNγ) cytokine-functionalized 
nanocoating in promoting M1 and M2 polarization, b) Fluorescence 
micrographs confirming the in situ differentiation of M0 macrophages to M1 
subtype through CD86 and iNOS protein expression (Scale bar: 100 μm) c) 
Fluorescence micrographs confirming the in situ differentiation of M0 
macrophages to M2 subtype through CD206 and Arginase protein expression 
(Scale bar: 100 μm), d) Graphical representation illustrating the differentiation 
of THP-1 ASC-derived M0 macrophage to M1 phenotype through the pro-
inflammatory cytokine-embedded nanocoating, e) Fluorescence micrographs 
demonstrating green speck formation within the THP-1 ASC derived 
macrophages upon inflammatory nanocoating (Scale bar: 100 μm), f) 
Quantification of cleaved IL-1β from the THP-1 ASC-derived M1 
macrophages post 72 h inflammatory nanocoating (*p < 0.05, **p < 0.01 and 
***p < 0.001), g) Graphical representation demonstrating the 
immunomodulatory effect of anti-inflammatory coated macrophages on the 
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surrounding inflamed synovium, h) Fluorescence micrographs depicting the 
reduction in α-SMA expression after direct co-culturing the anti-inflammatory 
coated macrophages with the inflamed synovial fibroblasts for 72 h (Scale bar: 
100 μm), and i) Quantification of cleaved IL-1β from the inflamed synovial 
fibroblasts post 72 h co-culture with anti-inflammatory coated macrophages 
(*p < 0.05, **p < 0.01 and ***p < 0.001). 
 

2.7 Increased stability of the nanocoating on the surface of 3D spheroids protected 
the 3D cellular aggregates from immune surveillance. a) Graphical 
representation of the deposition of multi-layer cationic and anionic silk 
ionomers on the surface of 3D spheroids and their subsequent protection of 
OA microenvironmental stress and attack by the infiltrating M1 macrophages, 
b) Representative fluorescence micrographs of FITC-labelled nanocoated 
20,000 cells/ml cell spheroid at 24 and 72 h time-points respectively (Scale 
bar: 200 μm), c) Confocal fluorescence micrographs comparing the stability 
of the nanocoatings on the surface of the 3D spheroids at 24 h and 168 h time 
points for both 10,000 and 20,000 cells/ml spheroids (Blue: DAPI, red: 
Phalloidin and green: FITC-labelled silk ionomer coating) (Scale bar: 100 
μm), d) A semi-empirical quantification to compare the degradation profile of 
the nanocoatings between single cell and spheroids by measuring the FITC 
intensities of the detached FITC-labelled ionomers at days 1, 3 and 7 (*p < 
0.05, **p < 0.01 and ***p < 0.001), e) Quantification of cell proliferation 
within the 3D spheroids post 6-bilayer encapsulation up to day 10 using alamar 
blue assay (*p < 0.05, **p < 0.01 and ***p < 0.001), Quantification of f) 
LDH release and g) Alamar blue intensities of the 6-bilayer nanoencapsulated 
3D spheroids post 72 h incubation in cocktail stress media (*p < 0.05, **p < 
0.01 and ***p < 0.001), and h) Bright-field and fluorescence microscopy 
images highlighting the shielding effect of the nanocoating in preventing the 
M1 macrophage infiltration up to 72 h (Scale bar: 100 μm).  
 

2.8 Co-functionalization of tyramine (TA) along with EDA directly into the silk 
chain increased the stability of the nanocoating on the cell surface due to 
additional covalent interaction. a) Chemical synthesis of SF-EDA and SF-
EDA-TA using carbodiimide coupling chemistry, b) Polyacrylamide gel 
image of SF-EDA and SF-EDA-TA with reference protein ladder, c) 
Quantification of mean and maximum molecular weight after co-
functionalization of TA and EDA into the silk chains, d) Zeta potential 
measurements to estimate the change in overall charge of SF-EDA post-
incorporation of TA into the silk chains (*p < 0.05, **p < 0.01 and ***p < 
0.001), e, f and g) FTIR measurements to quantify the alteration in beta sheet 
content post co-functionalization of TA into the cationic silk ionomer (*p < 
0.05, **p < 0.01 and ***p < 0.001), h) Water Contact Angle (WCA) 
measurements of SF-EDA and SF-EDA-TA  (*p < 0.05, **p < 0.01 and ***p 
< 0.001),  i) Fluorescence micrographs to compare the stability of the TA-
functionalized nanocoatings on hMSCs with and without enzymatic 
crosslinking (Scale bar: 100 μm), j) Live/dead micrographs of the crosslinked 
and non-crosslinked TA-functionalized nanocoated hMSCs at days 1, 3 and 7, 
k) Comparing the cell proliferation rate of the hMSCs post-encapsulation with 
crosslinked and non-crosslinked TA-functionalized nanocoatings at days 1 
and 7 respectively (*p < 0.05, **p < 0.01 and ***p < 0.001), and l,m) 
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Confocal fluorescence micrographs  and RBITC fluorescence intensity 
demonstrating the stability of the tyramine-functionalized nanocoating on the 
hMSCs in 3D spheroid platforms (Scale bar: 100 μm) (*p < 0.05, **p < 0.01 
and ***p < 0.001). 
 

Chapter 3 
 

3.1 Preliminary characterization of the synthesized SF(S)-GlcN and SF(D, E)-
GlcN biopolymers, a) Graphical representation showing the chemical 
modification mechanism for incorporation of the glucosamine molecule into 
the SF side chains, b and c) SDS-PAGE gel image and the corresponding 
molecular weight quantification of the SF(S)-GlcN and SF(D, E)-GlcN 
modified as well as native (SF) and intermediate (SF-COOH) biopolymers, d) 
Live-dead micrographs of the day 28 hMSCs cultured on SF(S)-GlcN, SF(D, 
E)-GlcN,  as well as native SF matrices (Scale bar: 100 µm), e) % 
cytocompatibility of the SF(S)-GlcN, SF(D, E)-GlcN and native SF matrices 
normalized to the 2D monolayer control ((*p < 0.05, **p < 0.01 and ***p < 
0.001).  
 

3.2 Assessing the structural stability of the SF-GlcN and G-TA composite 
hydrogel systems, a) Graphical representation showing the molecular 
mechanism behind the formation of stable hydrogel networks following 
enzymatic crosslinking with HRP/H2O2. b) Digital image of the inverted tube 
test depicting gelation in the SF(S)-GlcN-G-TA and SF(D,E)-GlcN-G-TA 
composite hydrogels, c and d) Digital image illustrating the stability of the SF-
G-TA, SF(S)-GlcN-G-TA and SF(D,E)-GlcN-G-TA composite hydrogels 
following 28 days of chondrogenic differentiation, e and f) ATR-FTIR 
spectrum of the SF-G-TA, SF(S)-GlcN-G-TA and SF(D,E)-GlcN-G-TA 
composite hydrogels at days 1 and 28  and further deconvolution of the silk 
secondary conformation spectrum (1616 and 1637 cm-1), g) Quantification of 
the % β-sheet, random coil, α-helix and β-turns of the composite hydrogels at 
days 1 and 28, and h) Bar graph representing the % β-sheet content of the 
respective composite hydrogels at days 1 and 28 as functional parameter for 
structural stability (*p < 0.05, **p < 0.01 and ***p < 0.001).  
 

3.3 Rheological and morphological characterization of the SF-GlcN and G-TA 
composite hydrogels at different substitution ratios. Oscillatory strain sweep 
evaluation for a) SF-G/TA (1:1), b) SF/G-TA (1:3), c) SF(S)-GlcN/G-TA 
(1:1), d) SF(S)-GlcN/G-TA (1:3), e) SF(D, E)-GlcN/G-TA (1:1), f) SF(D, E)-
GlcN/G-TA (1:3) composite hydrogels. Thixotropy characteristic analysis for 
g) SF/G-TA, h) SF(S)-GlcN/G-TA and i) SF(D, E)-GlcN/G-TA hydrogel 
systems at both substitution ratios. j) Representative injectability 
demonstration of SF(S)-GlcN/G-TA hydrogels at both 1:1 and 1:3 ratios and 
k) SEM micrographs for SF/G-TA, SF(S)-GlcN/G-TA and SF(D, E)-GlcN/G-
TA hydrogel systems for both ratios (1:1 and 1:3) (Scale: 100 µm). 

3.4 Rheological, morphological and immunological characterization of the SF-
GlcN and G-TA composite hydrogels at different substitution ratios, Flow 
sweep analysis for a) SF-G-TA (1:1), b) SF-G-TA (1:3), c) SF(S)-GlcN-G-TA 
(1:1), d) SF(S)-GlcN-G-TA (1:3), e) SF(D, E)-GlcN-G-TA (1:1), f) SF(D, E)-
GlcN-G-TA (1:3) composite hydrogels, g) Bar graph representation of mean 
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pore diameter calculated from the SEM micrographs using Image J, h) 
Immune response profile of the SF-G-TA, SF(S)-GlcN-G-TA and SF(D, E)-
GlcN-G-TA hydrogel systems using THP-1-ASC reporter cell line assay 
(Scale: 100 µm), and i) Quantification of the macrophage polarization ratio 
(M2:M1) from the fluorescence micrographs using Image J. 
 

3.5 Investigating the cytocompatibility, immune response profile and the redox 
activity of the SF-GlcN and G-TA composite hydrogel systems across both 
ratios, a) Cell adhesion and morphology on the respective composite 
hydrogels, observed under a confocal microscope using actin cytoskeleton and 
nucleus staining. (Scale bar: 100 µm), b) Schematic representation showing 
the overall experimental design of in vitro biological characterization,  c and 
d) Percentage cytocompatibility of the SF-GlcN and G-TA  and non-
glucosamine modified SF/G-TA composite hydrogel systems for both 
substitution ratios (1:1 and 1:3)  at days 1 and 28, normalized to TCP control 
(monolayer) (*p < 0.05, **p < 0.01 and ***p < 0.001), e) Fluorescence 
micrograph showing the macrophage polarization profile of the respective SF-
GlcN and G-TA  and non-glucosamine modified SF/G-TA composite 
hydrogel systems for both substitution ratios (1:1 and 1:3). (Scale bar: 100 
µm), f and g) Quantification of cleaved IL-1β from the THP-1 ASC-derived 
macrophages at 24 and 72 h (*p < 0.05, **p < 0.01 and ***p < 0.001) and h) 
Fluorescent micrographs depicting the GFP expression at days 1, 7 and 28 
from the respective SF-GlcN and G-TA and non-glucosamine modified SF-
G-TA composite hydrogels, as a functional parameter to evaluate the 
antioxidant activity of the hydrogel systems (Scale bar: 100 µm). 
 

3.6 Quantifying the extent of ROS-scavenging (a-d), pro-chondrogenic (e,f) and 
anti-fibrotic (g) potential of the SF-GlcN and G-TA composite hydrogel 
systems for both substitution ratios (1:1 and 1:3) (*p < 0.05, **p < 0.01 and 
***p < 0.001). 
 

3.7 Assessing the in vitro chondrogenesis and fibrosis of the hMSCs cultured on 
SF-G-TA hydrogel system, Confocal micrographs demonstrating the 
expression profile of a,  b) collagen type II (COL-II), c, d) aggrecan (ACAN), 
and e, f) collagen type I (COL-I) (Scale bar: 100 µm) 
 

3.8 Assessing the in vitro chondrogenesis and fibrosis of the hMSCs cultured on 
SF(S)-GlcN-G-TA hydrogel system, Confocal micrographs demonstrating the 
expression profile of a, b) collagen type II (COL-II), c, d) aggrecan (ACAN), 
and e, f) collagen type I (COL-I) (Scale bar: 100 µm) 
 

3.9 Assessing the in vitro chondrogenesis and fibrosis of the hMSCs cultured on 
SF(D, E)-GlcN-G-TA hydrogel system, Confocal micrographs demonstrating 
the expression profile of a, b) collagen type II (COL-II), c, d) aggrecan 
(ACAN), and e, f) collagen type I (COL-I) (Scale bar: 100 µm) 
 

Chapter 4 
 

4.1 Computational modeling of TGFβ3 activation by conjugation with CyCl-
modified SF heavy chain. 
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4.2 ATR-FTIR analysis a) Cyanuric Chloride modified different forms of silk 

fibroin (solution, film and hydrogel), b) Expanded 600-800 cm-1 region, and 
c) Expanded 1050-1250 cm-1 region.  
 

4.3 Quantifying the secondary conformation of the SF biomaterial following 
chemical modification with cyanuric chloride (CyCl), a) Magnified 1590-
1705 cm-1 region corresponding to the amide I region, b-e) Representative 
deconvoluted graphs of respective, untreated SF, SF-CyCl solution, SF-CyCl 
hydrogel and SF-CyCl film, and f) Bar graph demonstrating the quantification 
of secondary conformations of silk following CyCl modification 
 
 

4.4 ATR-FTIR analysis of SF-CyCl-TGFβ, a) Full FTIR spectra of 2SF-CyCl-
TGFβ (2% SF, 10%, 20% and 30% CyCl and 10 ng/ml TGFβ), b) Full FTIR 
spectra of 5SF-CyCl-TGFβ (5% SF, 10%, 20% and 30% CyCl and 10 ng/ml 
TGFβ) c-e) Expanded 600-800 cm-1  2SF-CyCl-TGFβ and 5SF-CyCl-TGFβ 
regions, f-h)  Expanded 2SF-CyCl-TGFβ and 5SF-CyCl-TGFβ 1050-1250 cm-

1 regions, i-k) Expanded 2SF-CyCl-TGFβ and 2SF-CyCl-TGFβ 1550-1700 
cm-1 regions 
 

4.5 Quantifying the secondary conformation of the SF-CyCl solution following 
covalent conjugation with TGFβ3, a-c) Magnified 1595-1705 cm-1 region 
corresponding to the amide I region of 2% SF solution reacted with 10% 20% 
and 30% CyCl solution and 10 ng/ml of TGFβ3, d-f) Magnified 1595-1705 
cm-1 region corresponding to the amide I region of 5% SF solution reacted 
with 10% 20% and 30% CyCl solution and 10 ng/ml of TGFβ3, and f) Bar 
graph demonstrating the quantification of secondary conformations of 2% and 
5% SF following the chemically modification 
 

4.6 1H-NMR spectra, a) TGFβ3, b) CyCl modified SF, c) SF-CyCl-TGFβ trimeric 
conjugate. 
 

4.7 CD spectra of TGFβ conjugated SF modified with CyCl with SF control. 
 

4.8 a) SEM analysis of respective hBMSCs and hACs seeded on SF, SF with 
exogenous TGFβ addition and SF with TGFβ conjugated films, b) GAG 
estimation using DMMB assay for both hBMSCs and hACs; all experiments 
were carried out in triplicates (n=3), and the statistical analysis represented as 
* (p≤0.033), ** (p≤0.002), *** (p≤0.001), and **** (p<0.0001); the statistical 
analysis for both the experimental groups at day 28 were calculated against SF 
Day 28 control 
 

4.9 Gene expression analysis for hBMSCs; all experiments were carried out in 
triplicates (n=3), and the statistical analysis represented as * (p≤0.033), ** 
(p≤0.002), *** (p≤0.001), and **** (p<0.0001); the statistical analysis for 
both the experimental groups at day 28 were calculated against SF Day 28 
control 
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4.10 Gene expression analysis for hACs; all experiments were carried out in 
triplicates (n=3), and the statistical analysis represented as * (p≤0.033), ** 
(p≤0.002), *** (p≤0.001), and **** (p<0.0001); the statistical analysis for 
both the experimental groups at day 28 were calculated against SF Day 28 
control 
 

4.11 Histological analysis of the hBMSCs and hACs seeded on SF, SF with 
exogenous TGFβ addition and SF with TGFβ conjugated films at day 28. The 
statistical analysis of staining intensity quantification is represented as * (p ≤ 
0.033), ** (p ≤ 0.002), *** (p ≤ 0.001), and **** (p < 0.0001) for both 
experimental groups compared to the SF control. 
 

Chapter 5 
 

5.1 A-C) Computational modeling prediction of small molecule and growth factor 
conjugation with the chemically modified SF biomaterial, D) The model with 
the lowest C-score demonstrated stronger binding affinity, E-H) The 
Ramachandran plot illustrated the native conformation of the amino acid 
residues post-chemical modification of the SF biomaterial with Cyanuric 
Chloride (CyCl) and Diazonium salt (Diazo), respectively 
 

5.2 ATR-FTIR characterization, A and B) Cyanuric chloride (CyCl) modification 
of SF biomaterial demonstrating peak at respective C-O-C bonding region, C-
E) Diazonium coupling modification of SF biomaterial showing peaks at 
respective C-N bonding and S-H stretching regions, F-H) Deconvolution of 
the Amide-I region (1590-1710 cm-1) for the respective SF-CyCl, SF-Diazo 
and SF (untreated) group, I) Quantification of the Beta-sheet content from the 
deconvoluted spectra. 
 

5.3 A) UV visible spectroscopy of azo incorporation by diazonium coupling in SF 
biomaterial, B) Flow curve of the chemically modified SF-G bioinks showing 
characteristic shear-thinning behaviour of both the chemically decorated 
bioinks, C) Gelation kinetics of untreated mushroom tyrosinase crosslinked 
SF-G bioink, D) Gelation kinetics of mushroom tyrosinase crosslinked SF-G-
CyCl bioink, E) Gelation kinetics of mushroom tyrosinase crosslinked SF-G-
Diazo bioink, F-H) Optical microscopic images of the 3D constructs printed 
with respect acellular chemically modified SF-G bioinks, I) Quantification of 
the spreading ratio (n=5), J) Quantification of printability index (n=5), K) 
Quantification of the perimeter of the pore (n=5) and, L) Quantification of the 
area of the pore (n=5). Here, n = 5 corresponds to the evaluation of the 
respective parameter across 5 different regions.  
 

5.4 A) Release profile of LDN193189 in chemically conjugated and encapsulated 
form, B) Release profile of TGFβ in chemically conjugated and encapsulated 
form, C) Release profile of IL1Ra in chemically conjugated and encapsulated 
form, D) Experimental timeline, E-G) 3D bioprinting and evaluation of 
bioprinted constructs at day 3 using Bright-field microscopy demonstrating 
perfect grid structure with homogenous cell distribution throughout the 
construct.  
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5.5 Evaluating the chondrogenesis profile of hBMSCs from three different donors 
primed with chondrogenic differentiation medium (ChM) for 14 days in 
monolayer against a proliferation medium (PfM) control A-C). Gene 
expression analysis of chondrogenic (COL2A1 and SOX9) and hypertrophic 
(COL10A1 and MMP-13) markers using qPCR for Donor-1, Donor-2 and 
Donor-3, respectively. The gene expression data were normalized to the values 
on day 1. D) Donor-to-donor variation of gene expression data, E) COL2A1 
expression levels of the different donors, F-H) Alcian blue staining depicting 
enhanced GAG deposition in ChM samples than in PfM after 14 14-day 
culture period. All experiments were carried out in triplicate (n = 3), and the 
statistical analysis is represented as follows: * (p ≤ 0.033), ** (p ≤ 0.002), *** 
(p ≤ 0.001), and **** (p < 0.0001).  
 

5.6 (A-I): Gene expression analysis of chondrogenic (SOX9, PRG-4, and 
COL2A1), hypertrophic (COL10A1 and MMP-13), signaling pathway 
(SMAD-4, NOG, DKK1, and TGFβR1) markers of Donor-2 3D bioprinted 
constructs at day 28 of inflammatory culture incubation. The gene expression 
data were normalized to day 1 values; n.d.: not detectable. All experiments 
were carried out in triplicate (n = 3), and the statistical analysis is represented 
as follows: * (p ≤ 0.033), ** (p ≤ 0.002), *** (p ≤ 0.001), and **** (p < 
0.0001).   
 

5.7 (A-H): Gene expression analysis of chondrogenic (SOX9, PRG-4, and 
COL2A1), hypertrophic (COL10A1 and MMP-13), signaling pathway 
(SMAD-4, NOG, and DKK1) markers of Donor-1 3D bioprinted constructs at 
day 28 of inflammatory culture incubation. The gene expression data were 
normalized to day 1 values; n.d.: not detectable. All experiments were carried 
out in triplicate (n = 3), and the statistical analysis is represented as follows: * 
(p ≤ 0.033), ** (p ≤ 0.002), *** (p ≤ 0.001), and **** (p < 0.0001).   
 

5.8 A-I): Gene expression analysis of chondrogenic (SOX9, PRG-4, and 
COL2A1), hypertrophic (COL10A1 and MMP-13), signaling pathway 
(SMAD-4, NOG, DKK1, and TGFβR1) markers of Donor-3 3D bioprinted 
constructs at day 28 of inflammatory culture incubation. The gene expression 
data were normalized to day 1 values; n.d.: not detectable. All experiments 
were carried out in triplicate (n = 3), and the statistical analysis is represented 
as follows: * (p ≤ 0.033), ** (p ≤ 0.002), *** (p ≤ 0.001), and **** (p < 
0.0001).   

5.9 Biochemical estimation of A) proteoglycan content (DMMB), B) Total nitric 
oxide (TNO), C) Total nitrite content (Nitrite) and D) Lipid peroxidation 
profile from the Donor-2 3D bioprinted constructs and supernatants at day 28 
of inflammatory culture incubation. All experiments were carried out in 
triplicate (n = 3), and the statistical analysis is represented as follows: * (p ≤ 
0.033), ** (p ≤ 0.002), *** (p ≤ 0.001), and **** (p < 0.0001).  
 

5.10 Biochemical estimation of A) proteoglycan content (DMMB), B) Total nitric 
oxide (TNO), C) Total nitrite content (Nitrite) and D) Lipid peroxidation 
profile from the Donor-1 and Donor-3 3D bioprinted constructs and 
supernatants at day 28 of inflammatory culture incubation. All experiments 
were carried out in triplicate (n = 3), and the statistical analysis is represented 
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as follows: * (p ≤ 0.033), ** (p ≤ 0.002), *** (p ≤ 0.001), and **** (p < 
0.0001).  
 

5.11 i(a-l) COL-II and ii(a-l) COL-X protein expression analysis of Donor-2 3D 
bioprinted constructs following incubation in OA-mimicking medium, using 
Immunofluorescence. The constructs were incubated with mouse anti-
collagen II (5 µg/ml, DSHB) and mouse anti-collagen X (5 µg/ml, DSHB), 
followed by incubation with secondary antibody anti-mouse Alexa Fluor 488 
(2 µg/ml, Thermo-fisher Scientific) and Hoechst (1 µg/ml, Thermo-fisher 
Scientific). The respective fluorescence intensity was calculated using ImageJ 
software. Measurements were taken from five different regions (n = 5), and 
the statistical analysis is represented as follows: * (p ≤ 0.033), ** (p ≤ 0.002), 
*** (p ≤ 0.001), and **** (p < 0.0001).  
 

5.12 Histological analysis of the Donor-2 3D bioprinted constructs following 
incubation in OA-mimicking medium for 28 days. i(a-h) Safranin O staining, 
ii(a-h): Alcian blue staining and iii(a-d): Hematoxylin and eosin staining 
(H&E).  
 

5.13 Gene Mania analysis depicting the correlation and interaction of the input 
genes with the pool of genes associated with articular cartilage homeostasis. 
Five upregulated genes (from qPCR analysis) of each experimental group of 
Donor-2 were selected for the interaction study.  
(SF-G-IL1Ra: NOG, PRG4, TGFβR1, COL2A1 & SOX9; SF-G-TGFβ: 
COL10A1, DKK1, MMP13, SMAD4 & COL2A1; SF-G-LDN: NOG, 
COL10A1, COL2A1, SOX9 & SMAD4; SF-G: PRG4, COL10A1, DKK1, 
MMP13 & SMAD4)  
 

Chapter 6 
 

6.1 Physicochemical characterization of the chemically modified SF-G constructs 
a) Schematic representation of in vitro physical, mechanical and biological 
characterization of 3D bioprinted LDN-193189 SF-G constructs, b) 
Representative images of 3D bioprinted chemically modified SF-G constructs 
with rat BMSCs, c) Representative microscopic image of 3D bioprinted SF-
G-LDN constructs before (day 1) and after (day 14) degradation, d) 
Comparative degradation profile of SF-G constructs with and without LDN 
conjugation, e) Representative microscopic image of 3D bioprinted SF-G-
LDN constructs before (day 1) and after (day 14) swelling, f) Comparative 
swelling profile of SF-G constructs with and without LDN conjugation, g,h, i) 
Compressibility and recoverability of LDN-conjugated 3D bioprinted SF-G 
constructs and j) AFM analysis of chemically modified and unmodified SF-G 
films. 

6.2 In vitro biological characterization of the 3D bioprinted SF-G-LDN-193189 
constructs. a) Immunofluorescence analysis of collagen II expression in LDN-
conjugated and control 3D bioprinted SF-G constructs, b) 
Immunofluorescence analysis of collagen X expression in LDN-conjugated 
and control 3D bioprinted SF-G constructs, c) Safranin O staining in LDN-
conjugated and control 3D bioprinted SF-G constructs, d) Gene expression 
analysis of chondrogenic and hypertrophic marker genes in LDN-conjugated 
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and control 3D bioprinted SF-G constructs, and e) Biochemical estimation in 
LDN-conjugated and control 3D bioprinted SF-G constructs (*p < 0.05, **p 
< 0.01 and ***p < 0.001). 
 

6.3 LDN-193189-conjugated SF-G constructs promote site-specific cartilage 
repair and proteoglycan restoration in cartilage defects in the rat OA knee 
joint. a) Schematic representation of the experimental strategy for 
implantation of SF-G-LDN-193189 conjugated constructs in a full-thickness 
cartilage defect model post-ACLT day 28. b) (i-viii): Gross morphology of the 
knee joint depicting various experimental groups post 2 months and 4 months 
implantation. c) (i-viii): 3D rendering volumetric micro-CT scanning of knee 
joints depicting the experimental groups. d) (i-iv): Histopathological (Safranin 
O/Fast Green) staining of post-implantation 4 months; e) Blind OARSI 
scoring, Brown-Forsythe test (ANOVA), and Tukey’s multiple comparison 
tests were performed to assess the significance and simultaneous comparison 
of the multiple sets. We compared the means of Unmanipulated vs. ACLT+ 
Defect+ No constructs group, p=0.0001(***); ACLT+ Defect + No constructs 
group vs. ACLT + Defect+ SF-G-LDN-193189, p=0.0009(***); and 
ACLT+Defect +SF-G vs. ACLT + Defect+ SF-G-LDN-193189, p=0.     
0009(***). Scale bar: 200 μm. 
 

6.4 LDN-193189-conjugated 3D printed constructs inhibited BMP signaling 
pathway in cartilage defects in the rat OA knee joint. a) Dual Luciferase 
reporter assay (BRITER), b (i-iv): pSMAD1/5/9 immunostaining of rat knee 
joint post 4 months implantation for different experimental groups; Scale bar: 
50μm. 
 

6.5 LDN-193189-conjugated 3D printed constructs promote regeneration of 
hyaline cartilage and suppress hypertrophy in cartilage defects in the rat OA 
knee joint. a) (i-iv) ColII immunostaining of rat knee joint of post 2-months 
implantation and a) (v-viii) post 4-months implantation for different 
experimental groups; b) (i-iv) ColX immunostaining of rat knee joint of post 
2-months implantation and b) (v-viii) post 4-months implantation for different 
experimental groups; c) (i-iv) ColI immunostaining of rat knee joint of post 2-
months implantation for different experimental groups and c) (v-viii) post 4-
months implantation. White boxes indicate the site of the created defect area; 
scale bar: 50 μm. 
 

6.6 LDN-193189 Conjugated 3D printed constructs attenuate inflammatory 
pathways to create a pro-regenerative niche in cartilage defects in the rat OA 
knee joint. a) (i-iv') NFĸB immunostaining of the rat knee joint of post 2-
months implantation and a) (v-viii') post 4-months of implantation for 
different experimental groups. White dashed boxes mark the created defect 
site; Scale bar: 50μm 
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