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ABSTRACT 

 

Since the last three decades, extensive efforts have been undertaken towards the 

regeneration and/or replacement of damaged or diseased organs by tissue engineering. 

However, there have only been a sporadic success with organ transplantation regarding the 

development of healthy tissues such as cartilage, bone, skin, cornea, etc., owing to the intricacy 

of the human tissues. Furthermore, it is acknowledged that developing designed organs and 

tissues for transplantation is likely complex because our knowledge of organ regeneration and 

related technologies is still minimal. The conventional tissue engineering methods fail to 

configure the desired tissues with intricate biomimetic architecture. Three-dimensional (3D) 

bioprinting, also known as 3D bioprinting, is highly promising that overcomes the constraints 

of traditional tissue engineering practices. The advantage of 3D bioprinting is that it permits 

the development of layer-by-layer custom-made, patient-specific constructs by fabricating 

anatomically relevant implants akin to the complexity of the native tissue using the cells from 

the patient itself. In light of this, the present study highlights the application of 3D bioprinting 

and decellularization techniques for soft and hard tissue regeneration, explicitly focusing on 

cartilage, bone, skin, and cornea.  

Most of the articular cartilage is comprised of a collagen II fiber network arranged in 

arches. The lack of suitable microfabrication techniques capable of developing 3D fibrous 

structures is one of the biggest obstacles to in vitro replication of cartilaginous tissue with an 

arch-like structure. As a result, in contrast to the conventional wood-pile pattern, we provide 

in the first study a 3D bioprinting technique for producing constructs that resemble the arches 

of collagen II using two different types of bioinks: gelatin methacryloyl (GelMa) and silk 

fibroin-gelatin (SF-G). SF-G bioink laden with mesenchymal stem cells derived from human 

bone marrow (BM-MSCs) exhibited its prominent role compared to GelMA in the fibrous 

collagen network formation and chondrogenesis as ascertained from the biochemical assay, 

gene, and protein expression. This was further validated by a protein-protein interaction study 

using Metascape, GeneMANIA, and STRING analysis. These findings demonstrated the role 

of SF in the modulation of Wnt/β-catenin and TGF-β signaling pathways. Therefore, the arch-

like 3D bioprinted constructs exhibit a significant promise for the regeneration of articular 

cartilage.  

In our second study, we developed a shear-thinning bioink multicomponent in nature 

composed of Alginate and Gellan Gum with acceptable mechanical and printing capabilities. 
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The bioink was reinforced by adding two kinds of silk nanoparticles (SNP), i.e., native and 

regenerated, improving the printability. The bioink with the SF solution acts as a control set. 

The rheological and mechanical properties of the Alginate-Gellan Gum bioink were enhanced 

by the addition of native SNP. However, the control group exhibited better chondrogenesis 

with BM-MSCs as determined by the RT-PCR, immunofluorescence, and histology analysis. 

Hence, adding the SNP by us improved the overall printability while maintaining the 

chondrogenesis of articular cartilage.  

Hydroxyapatite (HAP) shows promising applications for treating bone abnormalities. 

However, traditional foaming procedures could minimally regulate the pore size, geometry, 

and interconnectivity of 3D porous HAP scaffolds, which limits their clinical success. It is 

challenging to replicate the complex 3D framework and the effective dynamics of skeletal 

distortions, emphasizing the need for a personalized, coveted tissue substitute, for which 3D 

printing offers an alternative. Hence, the third study describes the fabrication of a 3D-printed 

HAP scaffold and their potential for in vivo bone regeneration in tibial defects of rat. Micro-

computed tomography (micro-CT) and histomorphometry analysis were used to determine 

bone ingrowth. Implants at the defect site showed significant bone ingrowth. Micro-CT 

measurements revealed that the implant's bone mineral density (BMD) at the defect site was 

1024 mgHA ccm-1, which was almost 61.5 percent greater than the BMD at the sham control 

site. The hematoxylin and eosin micrographs also showed no sign of any immunoinflammatory 

response. The findings imply that the 3D-printed HAP scaffolds provided a sufficient matrix 

for producing patient as well as defect-specific bone growth. 

 Developing an in vitro aging skin model is challenging since aging is a complex activity 

throughout a person’s lifetime. Moreover, skin is composed of more than a single cell type; 

hence it is challenging to replicate this composite phenomenon within a short time. Therefore, 

in our fourth study, we describe the development of a 3D bioprinted skin aging model utilizing 

SF-G bioink, recapitulating the dual layer of the dermis and epidermis present in native-aged 

skin. We have exploited the use of the senescent or late passage fibroblast cells, keratinocytes, 

and melanocytes in co-culture. This was compared with the early passage cells as a control. 

Reduced fibronectin expression in gene and protein analysis accompanied by a decline in the 

expression of collagen I, II, and IV demonstrate the potency of our 3D bioprinted model 

equivalent in recapitulating the attributes of extrinsic aging in vitro. Further, we developed two 

pathological conditions: oxidative stress induced by H2O2 and high glucose as other 

prospective alternative agents in inducing senescence. Our developed 3D bioprinted skin aging 
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model has numerous uses in basic research on aging, disease modeling, and the screening of 

active pharmaceutical ingredients. 

 Decellularized corneas derived from different species have become extremely popular 

in tissue engineering due to donor tissue scarcity. The decellularized cornea is discovered to 

elicit an immune reaction despite removing the cellular constituents and antigens since the 

collagen fibrils are distorted, exposing specific antigenic regions that frequently result in 

transplant rejection. Hence, our final study highlights the modulation of decellularized corneas 

from goats using chondroitin sulfate and their implantation into rabbit stroma, citing the 

distorted collagen conformation getting restored. Healthy monocytes and differentiated 

macrophages were studied with their surface marker in an in vitro immune response study using 

pHrodo red, Lysotracker red, ER tracker, and CD63, LAMP-2 antibodies that established that 

when compared to decellularized matrices, cross-linked ones produced the weakest 

immunological response. Further, histological staining after three months of implantation in 

vivo into the stroma of rabbits validated our in vitro findings. As a result, we draw the 

conclusion that the chondroitin sulfate cross-linked to the decellularized corneal matrix may 

function effectively as a replacement for allograft and human cadaveric corneas. 
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स र 

 

पिछले तीन दशक ों से, ऊतक इोंजीपनयर ोंग द्वा ा क्षपतग्रस्त या   गग्रस्त अोंग ों के िुनजजनन औ /या 

प्रपतस्थािन की पदशा में व्यािक प्रयास पकए गए हैं। हालााँपक, मानव ऊतक ों की जपिलता के का ण, 

उिास्स्थ, हड्डी, त्वचा, कॉपनजया आपद जैसे स्वस्थ ऊतक ों के पवकास के सोंबोंध में अोंग प्रत्या  िण में केवल 

पछििुि सफलता पमली है। इसके अलावा, यह स्वीका  पकया गया है पक प्रत्या  िण के पलए पिजाइन 

पकए गए अोंग ों औ  ऊतक ों क  पवकपसत क ना सोंभवतः  जपिल है क् ोंपक अोंग िुनजजनन औ  सोंबोंपधत 

प्रौद्य पगपकय ों के बा े में हमा ा ज्ञान अभी भी नू्यनतम है। िा ोंिर क ऊतक इोंजीपनयर ोंग पवपधयाों जपिल 

बाय पममेपिक वासु्तकला के साथ वाोंपछत ऊतक ों क  कॉस्फ़िग  क ने में पवफल  हती हैं। पि-आयामी 

(3िी) बाय पप्रोंपिोंग, पजसे 3िी बाय पप्रोंपिोंग के रूि में भी जाना जाता है, अत्यपधक आशाजनक है ज  

िा ोंिर क ऊतक इोंजीपनयर ोंग प्रथाओों की बाधाओों क  दू  क ता है। 3िी बाय पप्रोंपिोंग का लाभ यह है पक 

यह   गी की क पशकाओों का उिय ग क के मूल ऊतक की जपिलता के समान शा ीर क रूि से 

प्रासोंपगक प्रत्या  िण तैया  क के ि त-द -ि त कस्टम-पनपमजत,   गी-पवपशष्ट पनमाजण ों के पवकास की 

अनुमपत देता है। इसके प्रकाश में, वतजमान अध्ययन न म औ  कठ   ऊतक िुनजजनन के पलए 3िी 

बाय पप्रोंपिोंग औ  िीसेलू्यल ाइजेशन तकनीक ों के अनुप्रय ग ि  प्रकाश िालता है, ज  स्पष्ट रूि से 

उिास्स्थ, हड्डी, त्वचा औ  कॉपनजया ि  ध्यान कें पित क ता है। 

अपधकाोंश आपिजकुल  उिास्स्थ मेह ाब में व्यवस्स्थत क लेजन II फाइब  नेिवकज  से बनी ह ती है। 

3िी  ेशेदा  सों चनाओों क  पवकपसत क ने में सक्षम उियुक्त माइक्र फैपिकेशन तकनीक ों की कमी 

आकज  जैसी सों चना के साथ कापिजलापजनस ऊतक की इन पविर   प्रपतकृपत में सबसे बडी बाधाओों में से एक 

है। िर णामस्वरूि, िा ोंिर क लकडी-ढे  िैिनज के पवि ीत, हम िहले अध्ययन में द  अलग-अलग प्रका  

के बाय इोंक: पजलेपिन मेथैपक्रलॉयल (जेलमा) औ   ेशम ़िाइि इन का उिय ग क के क लेजन II के 

मेह ाब से पमलते-जुलते पनमाजण के पलए एक 3िी बाय पप्रोंपिोंग तकनीक प्रदान क ते हैं। पजलेपिन (एसएफ-

जी)। मानव अस्स्थ मज्जा (बीएम-एमएससी) से प्राप्त मेसेनकाइमल से्टम क पशकाओों से युक्त एसएफ-जी 

बाय इोंक ने  ेशेदा  क लेजन नेिवकज  पनमाजण औ  चॉन्ड्र  जेनेपसस में जेलएमए की तुलना में अिनी प्रमुख 

भूपमका प्रदपशजत की, जैसा पक जैव  ासायपनक ि ख, जीन औ  प्र िीन अपभव्यस्क्त से िता चला है। 

मेिासे्कि, जेनेमेपनया औ  STRING पवशे्लषण का उिय ग क के प्र िीन-प्र िीन इोंि ैक्शन अध्ययन द्वा ा 

इसे औ  अपधक मान्य पकया गया। इन पनष्कषों ने Wnt/β-कैिेपनन औ  TGF-β पसग्नपलोंग िथ ों के 

मॉडू्यलेशन में SF की भूपमका का प्रदशजन पकया। इसपलए, मेह ाब जैसी 3िी बाय पप्रोंिेि सों चनाएों  

आपिजकुल  कापिजलेज के िुनजजनन के पलए एक महत्विूणज वादा प्रदपशजत क ती हैं। 
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हमा े दूस े अध्ययन में, हमने स्वीकायज याोंपिक औ  मुिण क्षमताओों के साथ एस्िनेि औ  गेलन 

गम से बना एक कत नी-ितला बाय इोंक मल्टीकों ि नेंि पवकपसत पकया। बाय इोंक क  द  प्रका  के  ेशम 

नैन कण ों (एसएनिी) क  ज डक  मजबूत पकया गया, यानी, देशी औ  िुनजीपवत, पजससे मुिण क्षमता 

में सुधा  हुआ। एसएफ समाधान के साथ बाय इोंक एक पनयोंिण सेि के रूि में कायज क ता है। एस्िनेि-

गेलन गम बाय इोंक के र य लॉपजकल औ  मैकेपनकल गुण ों क  देशी एसएनिी के अपतर क्त बढाया गया 

था। हालााँपक, पनयोंिण समूह ने आ िी-िीसीआ , इमू्यन फ्ल  ेसेंस औ  पहस्ट लॉजी पवशे्लषण द्वा ा 

पनधाजर त बीएम-एमएससी के साथ बेहत  चॉन्ड्र  जेनेपसस का प्रदशजन पकया। इसपलए, हमा े द्वा ा एसएनिी 

क  ज डने से आपिजकुल  कापिजलेज के चॉन्ड्र  जेनेपसस क  बनाए  खते हुए समग्र मुिण क्षमता में सुधा  

हुआ। 

हाइिर ॉक्सीिैिाइि (एचएिी) हड्डी की असामान्यताओों के इलाज के पलए आशाजनक अनुप्रय ग 

पदखाता है। हालााँपक, िा ोंिर क फ पमोंग प्रपक्रयाएाँ  3िी झ झ ा एचएिी मचान के पछि आका , ज्यापमपत 

औ  इोंि कनेस्िपविी क  नू्यनतम रूि से पनयोंपित क  सकती हैं, ज  उनकी नैदापनक सफलता क  

सीपमत क ती है। व्यस्क्तगत, प्रपतपित ऊतक पवकल्प की आवश्यकता ि  बल देते हुए, जपिल 3िी ढाोंचे 

औ  कों काल पवकृपतय ों की प्रभावी गपतशीलता क  द ह ाना चुनौतीिूणज है, पजसके पलए 3िी पप्रोंपिोंग एक 

पवकल्प प्रदान क ती है। इसपलए, तीस े अध्ययन में 3िी-मुपित एचएिी मचान के पनमाजण औ  चूहे के 

पिपबअल द ष ों में पवव  हड्डी िुनजजनन के पलए उनकी क्षमता का वणजन पकया गया है। हड्डी के अोंतवृजस्ि क  

पनधाजर त क ने के पलए माइक्र -कों पू्यिेि ि म ग्राफी (माइक्र -सीिी) औ  पहस्ट म फोमेिर ी पवशे्लषण का 

उिय ग पकया गया था। ख ाबी वाली जगह ि  प्रत्या  िण में हपड्डय ों में महत्विूणज वृस्ि देखी गई। माइक्र -

सीिी माि से िता चला पक द ष स्थल ि  इम्प्ाोंि का अस्स्थ खपनज घनत्व (बीएमिी) 1024 एमजीएचए 

सीसीएम-1 था, ज  शम पनयोंिण स्थल ि  बीएमिी से लगभग 61.5 प्रपतशत अपधक था। हेमेि स्क्सपलन 

औ  ईओपसन माइक्र ग्राफ में भी पकसी इमू्यन इफफे्लमेि ी प्रपतपक्रया का क ई सोंकेत नही ों पदखा। पनष्कषों 

से िता चलता है पक 3िी-मुपित एचएिी सै्कफ ल््डस ने   गी के साथ-साथ द ष-पवपशष्ट हड्डी के पवकास 

के पलए ियाजप्त मैपिर क्स प्रदान पकया। 

इन पविर   एपजोंग त्वचा मॉिल पवकपसत क ना चुनौतीिूणज है क् ोंपक पकसी व्यस्क्त के जीवनकाल 

में उम्र बढना एक जपिल गपतपवपध है। इसके अलावा, त्वचा एक से अपधक प्रका  की क पशकाओों से बनी 

ह ती है; इसपलए इस समग्र घिना क  कम समय में द ह ाना चुनौतीिूणज है। इसपलए, हमा े चौथे अध्ययन 

में, हम एसएफ-जी बाय इोंक का उिय ग क ते हुए एक 3िी बाय पप्रोंिेि त्वचा उम्र बढने वाले मॉिल के 

पवकास का वणजन क ते हैं, ज  मूल-वृि त्वचा में मौजूद िपमजस औ  एपििपमजस की द ह ी ि त क  

द ह ाता है। हमने सह-सोंसृ्कपत में सेन्सेंि या दे  से िार त ़िाइि ब्लास्ट क पशकाओों, के ापिन साइि्स 

औ  मेलान साइि्स के उिय ग का फायदा उठाया है। पनयोंिण के रूि में इसकी तुलना प्रा ों पभक मागज 
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क पशकाओों से की गई। जीन औ  प्र िीन पवशे्लषण में फाइि नेस्िन की अपभव्यस्क्त में कमी के साथ-

साथ क लेजन I, II औ  IV की अपभव्यस्क्त में पग ावि हमा े 3िी बाय पप्रोंिेि मॉिल की क्षमता क  दशाजती 

है ज  इन पविर   में बाह ी उम्र बढने की पवशेषताओों क  द ह ाने में समतुल्य है। इसके अलावा, हमने द  

  ग सोंबोंधी स्स्थपतयााँ पवकपसत की ों: H2O2 द्वा ा पे्रर त ऑक्सीिेपिव तनाव औ  बुढािा उत्पन्न क ने में 

अन्य सोंभापवत वैकस्ल्पक एजेंि ों के रूि में उच्च गू्लक ज। हमा े पवकपसत 3िी बाय पप्रोंिेि स्स्कन एपजोंग 

मॉिल का उम्र बढने,   ग मॉिपलोंग औ  सपक्रय फामाजसु्यपिकल अवयव ों की स्क्रीपनोंग ि  बुपनयादी श ध 

में कई उिय ग हैं। 

दाता ऊतक की कमी के का ण पवपभन्न प्रजापतय ों से प्राप्त िीसेलू्यल ाइज्ड कॉपनजया ऊतक 

इोंजीपनयर ोंग में बेहद ल कपप्रय ह  गए हैं। यह िता चला है पक सेलुल  घिक ों औ  एों िीजन क  हिाने के 

बावजूद िीसेलू्यल ाइज्ड कॉपनजया प्रपत क्षा प्रपतपक्रया उत्पन्न क ता है क् ोंपक क लेजन फाइपिल पवकृत 

ह ते हैं, ज  पवपशष्ट एों िीजेपनक के्षि ों क  उजाग  क ते हैं पजसके िर णामस्वरूि अक्स  प्रत्या  िण 

अस्वीकृपत ह ती है। इसपलए, हमा ा अोंपतम अध्ययन च ोंिर  इपिन सले्फि का उिय ग क के बकर य ों से 

िीसेलू्यल ाइज्ड कॉपनजया के मॉडू्यलेशन औ  ख ग श स्टर  मा में उनके आ  िण ि  प्रकाश िालता है, 

पजसमें पवकृत क लेजन सों चना क  बहाल क ने का हवाला पदया गया है। इन पविर   प्रपत क्षा प्रपतपक्रया 

अध्ययन में स्वस्थ म न साइि्स औ  पवभेपदत मैक्र फेज का उनके सतह माकज   के साथ िीएच  ि   ेि, 

पलस िर ैक   ेि, ईआ  िर ैक  औ  सीिी 63, एलएएमिी -2 एों िीबॉिी का उिय ग क के अध्ययन पकया 

गया था, पजसने स्थापित पकया पक िीसेलू्यल ाइज्ड मैपिर सेस की तुलना में, क्रॉस-पलोंक्ि वाले सबसे 

कमज   प्रपत क्षापवज्ञानी प्रपतपक्रया उत्पन्न क ते हैं। इसके अलावा, ख ग श ों के स्टर  मा में पवव  में आ  िण 

के तीन महीने बाद पहस्ट लॉपजकल से्टपनोंग ने हमा े इन पविर   पनष्कषों क  मान्य पकया। िर णामस्वरूि, 

हम यह पनष्कषज पनकालते हैं पक िीसेलू्यल ाइज्ड कॉपनजया मैपिर क्स से क्रॉस-पलोंक्ि च ोंिर  इपिन सले्फि 

एल ग्राफ़्ि औ  मानव कैिवेर क कॉपनजया के प्रपतस्थािन के रूि में प्रभावी ढोंग से कायज क  सकता है। 

 

 

 

 

 

 

 



x 
 

Table of Contents 

 

 

CERTIFICATE ......................................................................................................................... i 

Acknowledgments .................................................................................................................... ii 

ABSTRACT ............................................................................................................................. iv 

List of Figures ......................................................................................................................... xv 

List of Tables ........................................................................................................................ xxii 

1. Chapter I ............................................................................................................................... 1 

Introduction .............................................................................................................................. 1 

1.1. Need for the regeneration of soft and hard tissues .......................................................... 2 

1.2. Tissue engineering-based approaches ............................................................................. 3 

1.2.1. 3D Bioprinting .......................................................................................................... 3 

1.2.2. Other Approaches ..................................................................................................... 5 

1.3. Cartilage Tissue Engineering .......................................................................................... 7 

1.3.1. 3D Bioprinting of Cartilage ...................................................................................... 8 

1.3.2. Chondrogenic hypertrophy -something to ponder about .......................................... 9 

1.4. Bone Tissue Engineering .............................................................................................. 10 

1.4.1. 3D bioprinting of bone ........................................................................................... 11 

1.5. Skin Tissue Engineering................................................................................................ 12 

1.5.1. Tissue-engineered skin substitutes ......................................................................... 13 

1.5.2. Full-thickness skin bioprinting ............................................................................... 14 

1.5.3. 3D bioprinted skin disease models ......................................................................... 14 

1.6. Corneal Tissue Engineering .......................................................................................... 15 

1.6.1. Scaffold Models for Cornea-3D based ................................................................... 17 

1.6.2. Decellularization ..................................................................................................... 17 

1.7. Scope of the present study ............................................................................................. 18 

1.8. Objectives ...................................................................................................................... 20 

2. Chapter II ........................................................................................................................... 21 

Development of a Biomimetic Arch-like 3D   Bioprinted Construct for Cartilage 

Regeneration using Gelatin Methacryloyl and Silk Fibroin-Gelatin Bioinks .................. 21 

2.1. Introduction ................................................................................................................... 22 

2.2. Materials and Methods .................................................................................................. 25 

2.2.1. Materials ................................................................................................................. 25 

2.2.2. Cell culture and expansion ..................................................................................... 25 

2.2.3. Preparation of the bioink ........................................................................................ 25 



xi 
 

2.2.4. Preparation of 3D bioprinted constructs ................................................................. 26 

2.2.5. Field emission scanning electron microscopy (FE-SEM) ...................................... 27 

2.2.6. Cell viability assessment of the 3D bioprinted constructs ...................................... 27 

2.2.7. Biochemical Analysis ................................................................................................. 28 

2.2.8. Gene expression analysis ........................................................................................ 29 

2.2.9. Gene analysis and construction of Protein−Protein Interaction Network .............. 30 

2.2.10. Immunofluorescence analysis ............................................................................... 30 

2.2.11. Histological analysis ............................................................................................. 31 

2.2.12. ELISA Assay for collagen II ................................................................................ 31 

2.2.13. Statistical analysis................................................................................................. 31 

2.3. Results ........................................................................................................................... 31 

2.3.1. Morphological analysis of 3D constructs and cells ................................................ 31 

2.3.2. Assessment of cellular viability and migration in the 3D bioprinted construct ..... 33 

2.3.3. Assessment of cell proliferation rate and biochemical assay ................................. 34 

2.3.4. Gene Expression profile ......................................................................................... 36 

2.3.5. PPI networks and projection of the co-existing proteins ........................................ 37 

2.3.6. Immunofluorescence analysis ................................................................................. 39 

2.3.7. Histological analysis ............................................................................................... 43 

2.3.8. Quantification of collagen II using ELISA ............................................................. 44 

2.4. Discussion ..................................................................................................................... 45 

2.5. Conclusion ..................................................................................................................... 50 

3.Chapter III ........................................................................................................................... 51 

3D Bioprinted Silk-reinforced Alginate-Gellan Gum constructs for cartilage 

regeneration ............................................................................................................................ 51 

3.1. Introduction ................................................................................................................... 52 

3.2. Materials and Methods .................................................................................................. 55 

3.2.1 Preparation of SF nanoparticles and the solution .................................................... 55 

3.2.2. SF cryogenic grinding ............................................................................................ 55 

3.2.3. Characterization of particles ................................................................................... 55 

3.2.4. Preparation of the acellular bioinks and their cross-linking ................................... 56 

3.2.5. Rheological characterization of the bioink ............................................................. 57 

3.2.6. Mechanical testing of the hydrogels ....................................................................... 58 

3.2.7. Preparation of Bioink.............................................................................................. 58 

3.2.8. 3D CAD Model Design .......................................................................................... 58 

3.2.9. Printability assessment ........................................................................................... 59 

3.2.10. Swelling and Degradation study ........................................................................... 59 



xii 
 

3.2.11. Printing of cell-laden constructs with Alg-GG bioink .......................................... 60 

3.2.12. Gene expression analysis ...................................................................................... 60 

3.2.13. Total collagen estimation...................................................................................... 61 

3.2.14. Immunofluorescence ............................................................................................ 61 

3.2.15. Histological Analysis ............................................................................................ 62 

3.2.16. Statistical analysis................................................................................................. 62 

3.3. Results ........................................................................................................................... 62 

3.3.1. Characterization of particles ................................................................................... 62 

3.3.2. Rheological Characterization ................................................................................. 65 

3.3.3. Mechanical Testing ................................................................................................. 71 

3.3.4. Printability of the multicomponent bioink.............................................................. 72 

3.3.5. Swelling and In vitro degradation behavior ........................................................... 73 

3.3.6. Gene expression analysis ........................................................................................ 74 

3.3.7. Total Collagen Estimation ...................................................................................... 76 

3.3.8. Immunofluorescence analysis ................................................................................. 76 

3.3.9. H&E ........................................................................................................................ 78 

3.4. Discussion ..................................................................................................................... 79 

3.5. Conclusion ..................................................................................................................... 84 

4. Chapter IV .......................................................................................................................... 85 

3D Printed Hydroxyapatite Promotes Congruent Bone Ingrowth in Rat Load Bearing 

Defects ..................................................................................................................................... 85 

4.1. Introduction ................................................................................................................... 86 

4.2. Materials and Methods .................................................................................................. 89 

4.2.1. Hydroxyapatite Ink ................................................................................................. 89 

4.2.2. Fabrication of scaffolds via DWA .......................................................................... 89 

4.2.3. Material HAP characterization ............................................................................... 90 

4.2.4. Animal Implantation Surgeries ............................................................................... 90 

4.2.5. Post-harvest ex vivo analysis .................................................................................. 91 

4.2.6. Statistical analysis................................................................................................... 92 

4.3. Results ........................................................................................................................... 92 

4.3.1. Structural analysis................................................................................................... 93 

4.3.2. Clinical Evaluation ................................................................................................. 94 

4.3.3. Findings of micro-CT ............................................................................................. 95 

4.3.4. Histomorphometry .................................................................................................. 97 

4.3.5. In vitro and in vivo parameters assessed for correlation ....................................... 101 

4.4. Discussion ................................................................................................................... 102 



xiii 
 

4.5. Conclusion ................................................................................................................... 107 

5.Chapter V .......................................................................................................................... 108 

Development of a 3D Bioprinted Full-thickness Skin Aging Model................................ 108 

5.1. Introduction ................................................................................................................. 109 

5.2. Materials and Methods ................................................................................................ 112 

5.2.1. Cell Culture, Expansion, and Treatment .............................................................. 112 

5.2.2. Preparation of silk fibroin (SF) solution ............................................................... 113 

5.2.3. Preparation of SF-G bioink................................................................................... 113 

5.2.4. 3D CAD Model and preparation of the 3D bioprinted construct ......................... 113 

5.2.5. Senescence-associated beta-galactosidase (SA-β-Gal) staining ........................... 114 

5.2.6. Relative human telomere length quantification by qRT-PCR .............................. 114 

5.2.7. Gene Expression analysis ..................................................................................... 115 

5.2.8. Immunostaining .................................................................................................... 116 

5.2.9. Protein Expression Analysis ................................................................................. 116 

5.2.10. HSC DNA damage ............................................................................................. 117 

5.2.11. Cell Cycle Analysis by FACS 9779854218 ....................................................... 117 

5.2.12. Statistical analysis............................................................................................... 117 

5.3. Results ......................................................................................................................... 118 

5.3.1. Features of the early and late passage HDF cells ................................................. 118 

5.3.2. Baseline expression of the early and late passage fibroblasts and their co-culture

 ........................................................................................................................................ 120 

5.3.3. Protein expression of the early and late passage HDF in co-culture .................... 121 

5.3.4. Comparative gene and protein expression of the 3D bioprinted skin aging model

 ........................................................................................................................................ 122 

5.3.5. Analysis of differential protein expression by MALDI-TOF and STRING analysis

 ........................................................................................................................................ 124 

5.3.6. Features of the H2O2 and high glucose treated HDF ............................................ 128 

5.3.7. DNA Damage Study ............................................................................................. 129 

5.3.8. Comparative gene expression analysis ................................................................. 130 

5.3.9. Cell cycle analysis ................................................................................................ 132 

5.4. Discussion ................................................................................................................... 133 

5.5. Conclusion ................................................................................................................... 137 

6. Chapter VI ........................................................................................................................ 139 

Modulation of macrophage phenotype, maturation, and graft integration through 

chondroitin sulphate cross-linking to decellularized cornea ........................................... 139 

6.1. Introduction ................................................................................................................. 140 

6.2. Materials and Methods ................................................................................................ 143 



xiv 
 

6.2.1. Cornea Isolation .................................................................................................... 143 

6.2.2. Decellularization ................................................................................................... 144 

6.2.3. Crosslinking with Chondroitin Sulphate (CS) ...................................................... 144 

6.2.4. Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)

 ........................................................................................................................................ 145 

6.2.5. In vitro Immune Response Study ......................................................................... 145 

6.2.6. Statistical Analysis ............................................................................................... 149 

6.3. Results ......................................................................................................................... 149 

6.3.1. Cross-linked corneal ultrastructure analysis by ATR-FTIR spectroscopy ........... 149 

6.3.2.SEM Analysis ........................................................................................................ 151 

6.3.3. Fluorescence and Immunofluorescence imaging results ...................................... 152 

6.3.4. Microscopic grading of corneal transparency ...................................................... 156 

6.3.5. Histology Analysis ............................................................................................... 156 

6.4. Discussion ................................................................................................................... 159 

6.5. Conclusion ................................................................................................................... 164 

7. Chapter VII ...................................................................................................................... 165 

Future Aspects ...................................................................................................................... 165 

7.1. Future Directions ......................................................................................................... 166 

8. References ......................................................................................................................... 168 

9.CURRICULUM VITAE ................................................................................................... 193 

 

 

 

 

 

                               

 

 

 

 



xv 
 

List of Figures 

 

Figure 1.1 Application of 3D bioprinting toward the regeneration of soft and hard tissue 

Figure 1.2 Zonal architecture of articular cartilage 

Figure 1.3 Skin aging: Difference between young and aged skin 

Figure 1.4 Different layers of the human cornea 

Figure 2.1 Different zones in articular cartilage 

Figure 2.2 

(A) Different zones of articular cartilage (B) The final tool pathway visualized in a G-code 

simulator representing the distinct zones in articular cartilage; (C, D) 3D Bioprinted GelMA and 

SF-G constructs depicting the arch architecture. The collagen fiber bundles are in the sub-micron 

range, whereas the fiber diameter of the printed construct is in the micron range ;(E) Graphical 

representation of the spreading ratio (filament diameter/needle diameter) post bioprinting, data 

represented as Mean ± SD significant at p < 0.001 

Figure 2.3 

Field-Emission Scanning Electron Microscopy (FE-SEM) images of the bioprinted: (A) 

acellular GelMA and (B) acellular SF-G constructs. Morphological features of the BM-MSCs 

encapsulated on the bioprinted GelMA and SF-G constructs on day 7 (C, D) and day 21 (E, F), 

respectively 

Figure 2.4 

Live/Dead assay of 3D bioprinted GelMA and SF-G constructs on day 14. Live cells are displayed 

in green (calcein AM) (A and D), and dead cells in red (ethidium homodimer) (B and E). Merged 

images (C and F) and the 3D interactive surface plot of GelMA and SF-G (G and H) display 

negligible dead cells on either of the bioprinted constructs. (I)The bar graph shows the cell 

viability of the BM-MSCs on day 14 for the GelMA and SF-G bioprinted constructs, significant 

at p < 0.0001(****) 

Figure 2.5 
BM-MSCs encapsulated GelMA and SF-G bioprinted constructs on days 7 and 21  

Showing (A)The total DNA content (ng/μl). (B) Glycosaminoglycan (GAGs) content normalized 

to the DNA content (ng/ng). (C) Collagen content normalized to the DNA content (ng/ng), 

significant at p < 0.0001(****) 

Figure 2.6 

Relative gene expression analysis for BM-MSCs laden GelMA and SF-G bioprinted constructs 

for the set of chondrogenic differentiation, signaling pathway, and hypertrophy-specific genes 

on day 1, 7, and 21, significant at p < 0.05(*), p < 0.01(**), p < 0.001(***) and p < 

0.0001(****)  

Figure 2.7 

(A)Gene ontological enrichment heatmap by Metascape. (B, C) Prediction of protein-protein 

interaction using GeneMANIA in GelMA and SF-G, respectively. Lines with variable colors 

represent their relationships. (D, E) STRING protein-protein expression of the proteins in 

GelMA and SF-G constructs under chondrogenic differentiation 



xvi 
 

Figure 2.8 

Immunofluorescence analysis depicting the protein expression of Collagen I in the GelMA (A-

F) and SF-G (G-L) bioprinted constructs on days 7 and 21; (M) Fluorescence intensity 

comparison graphs. Data represented as Mean ± SD, significant at p < 0.0001 

Figure 2.9 Immunofluorescence analysis depicting the protein expression of Collagen II in the GelMA (A-

F) and SF-G (G-L) bioprinted constructs on days 7 and 21; (M) Fluorescence intensity 

comparison graphs. Data represented as Mean ± SD, significant at p < 0.0001 

Figure 2.10 Immunofluorescence analysis depicting the protein expression of Collagen X in the GelMA (A-

F) and SF-G (G-L) bioprinted constructs on days 7 and 21; (M) Fluorescence intensity comparison 

graphs. Data represented as Mean ± SD, significant at p < 0.0001 

Figure 2.11 H&E Images of the GelMA(A-D) and SF-G(E-H) bioprinted constructs on day 7 and 21 

 

Figure 2.12 ELISA analysis for secreted collagen II in the culture media of the BM-MSCs encapsulated 

GelMA and SF-G bioprinted constructs on day 1, 7, 14, and 21, significant at p < 0.05 (*), p < 

0.01 (**), p < 0.001 (***) and p < 0.0001 (****) 

Figure 3.1 (A and B) Graph of Zeta potential analysis of Native and Regenerated SNPs, respectively (C and 

D) Graph of the particle size distribution (DLS) of Native and Regenerated SNPs, respectively 

Figure 3.2 (A) FTIR spectra of Native and Regenerative SNPs (B) Percentage secondary conformation in 

Amide I region (C) FSD spectra of Native SNPs in Amide I region (D)FSD spectra of 

Regenerated SNPs in Amide I region 

Figure 3.3 Process of adding SNPs to the Alg-GG hydrogel (A) Set-up before assembly, (B) Set-up after 

assembly, connected via a lure connector (C) SNPs, (D) Alg-GG hydrogel, (E) Before mixing, 

(F) After mixing 

Figure 3.4 Flow behavior of (A) GG, Alg, Alg-GG, Alg-GG-Silk sol. 

                             (B)  Alg-GG-15N SNP, Alg-GG-30N SNP, Alg-GG-45N SNP 

                             (C)  Alg-GG-15R SNP, Alg-GG-30R SNP, Alg-GG-45R SNP 

Amplitude Sweep of (D) GG, Alg, Alg-GG, Alg-GG-Silk sol. 

                                  (E)  Alg-GG-15N SNP, Alg-GG-30N SNP, Alg-GG-45N SNP 

                                  (F)  Alg-GG-15R SNP, Alg-GG-30R SNP, Alg-GG-45R SNP 

Frequency Sweep of (G) GG, Alg, Alg-GG, Alg-GG-Silk sol. 

                                  (H)  Alg-GG-15N SNP, Alg-GG-30N SNP, Alg-GG-45N SNP 

                                   (I)  Alg-GG-15R SNP, Alg-GG-30R SNP, Alg-GG-45R SNP 

 

Figure 3.5 (A) Viscosity vs. shear stress plot to determine the yield stress of the hydrogel blends (Alg-GG-

Silk sol., Alg-GG-15N SNP, Alg-GG-15R SNP) (B)Shear recovery analysis of the chosen 

hydrogel blends (C) The loss factor values determined from frequency sweep analysis 

 

Figure 3.6 (A)Stress-strain curve for tensile testing of Alg-GG films incorporated with Silk sol. and SNPs 

(native and regenerated) (B) Stress-strain curve and (C) Force-displacement curve for 

compression testing of Alg-GG hydrogel discs incorporated with Silk sol. and SNPs (native and 

regenerated) (D) Determination of tensile modulus from the slope of the stress-stain curve (E) 

Determination of compressive modulus from the slope of the stress-strain plot 



xvii 
 

Figure 3.7 (A) Top view of the designed CAD model (B)Isometric view of the CAD model (C) 

Representative image of the 3D bioprinted scaffold (D) Top view and (E) Side view of the 

bioprinted scaffold (F) Scale measurement post-printing elucidating 10 x 10 mm printed construct 

(G, H, I) Microscopic image of the pores of the 3D printed scaffold, i.e., Alg-GG-Silk sol., Alg-

GG-15N SNP, Alg-GG-15R SNP (J, K, L)  Area, perimeter and printability value(Pr) of the pores 

of the three groups of the printed scaffold 

Figure 3.8 Swelling and degradation analysis graphs over 7 days and 10 days, respectively. 

Figure 3.9 Comparative gene expression analysis for TVA-BMSCs laden Alg-GG bioprinted constructs 

containing Native SNPs, Regenerated SNPs, and Silk sol. for the set of chondrogenic 

differentiation-specific genes, significant at p < 0.05(*), p < 0.01(**), p < 0.001(***) and p < 

0.0001(****) 

Figure 3.10 Biochemical estimation of the total collagen content in the 3D bioprinted constructs, significant 

at p < 0.0001(****) 

 

Figure 3.11 Immunofluorescence analysis depicting the protein expression of Collagen II in three different 

Alg-GG bioprinted constructs with Native SNPs, Regenerated SNPs, and Silk sol. 

 

Figure 3.12 Immunofluorescence analysis depicting the protein expression of Collagen X in three different 

Alg-GG bioprinted constructs with Native SNPs, Regenerated SNPs, and Silk sol. 

 

Figure 3.13 H&E Images of the bioprinted constructs on day 14 containing (A-D) Silk sol., (E-H) Native 

SNPs, (I-L) Regenerated SNPs 

Figure 4.1 Particle size distribution (a)before (b) after ball milling for 30 hrs;(c) Representative micro-CT 

image of HAP construct used for pre-clinical implantation in rat sub-critical sized 3 mm tibial 

defects;(d) The BV/TV value of the printed HAP scaffold was found to be 0.57 

Figure 4.2 The surgical procedure involved in the preparation of the tibial defect and scaffold implantation 

into the defect site (A) Female Wistar rats were injected with an anesthetic mixture; (B) The 

Lower right leg was shaved with mechanical clippers and was cleared of fur; (C) A full-thickness 

skin incision of 1.5 cm was made longitudinally above the middle third of the medial aspect of 

the tibia; (D) Fine spreaders were used to open the resultant skin flap exposing the underlying 

tibia; (E) The tibial surface was cleared of connective tissue, and a 3 mm circular defect was 

created using a trephine bur; (F) The HAP implant was gently inserted into the defect; (G) The 

muscle was secured in place by closed sutures followed by a running suture for the skin flap; (H) 

Post-surgery, animals received topical application of 0.2% chloramphenicol antibiotic solution to 

the sutured skin to prevent contamination of the operated site. 

 

Figure 4.3 (A, B) Micro-CT images showing 3-D Representative volume models (not to scale) denoting the 

transverse and longitudinal sections of the rat tibia with different conditions, i.e., defect Only, 

native tibia, and tibia with the implant. The red arrow represents the defect area, whereas the 

dotted red circle represents the implanted HAP scaffold;(C) BMD calculations for the peri-

implant region show high HAP deposition in the implanted region site compared to the sham 

control group (see trendline in peri-implant section). Similarly, overall mineral deposition is 

highly similar between scaffold implanted bone and native tibia (compare Total volume series); 

(D) BV/TV ratio in the implant was identical to the native tibia. A decrease in the ratio was 
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observed in the sham control. BV/TV of the total volume is comparable in the implanted and 

unimplanted groups, indicative that bone formation is not compromised (see trendline in Total 

Volume series); (E) Trabecular thickness resulting due to bone regeneration is nearly equal to the 

native tibia (see trendline in Total Volume series), and coarseness is lower in peri-implant region 

implanted with scaffold as compared to a sham control region (See trendline in Peri-implant 

region); (F) Trabecular number is higher in the scaffold implanted group as compared to the defect 

site (compare Peri-implant region series) and Trabecular number is similar to the native tibia (see 

Trendline in Total volume series) 

Figure 4.4 Representative Micro-Ct images showing rat tibial bone at different conditions(A) Unoperated 

bone;(B) With HAP implant;(C) defect only (sham control), 3 mm intramedullary rat tibial defect 

without the implant, after 12 weeks of healing closure of the defect with new bone (of similar 

density to the old bone as evident from similar gray-scale contrast) was evident, albeit the 

diameter of the medial wall was significantly (3.5 times) lesser.  

 

Light micrographs of H and E-stained transverse sections from the (D) native rat tibia. 

The double-headed yellow arrow represents the diameter of the medial wall; (E) tibia with the 

HAP implant, where new bone ingrowth is observed in the HAP surface and inside HAP pores(*), 

'#' shows the HAP artifacts; black arrow represents an osteocytic morphology, the red arrow 

shows the operation of the medial wall, and the blue arrowhead represents cortical bone-like 

morphology, the yellow arrow represents the increased diameter of the medial wall, and;(F) sham 

control group that displays complete union of the bone defect represented by black arrows; 

however, there is a reduction in the medial wall diameter (yellow double-headed arrow). The 

detachment of the bone marrow from the tibial wall is a processing artifact. Abbreviations: A-

anterior, P-posterior, M-medial, L-lateral, HAP-hydroxyapatite, CB-cortical bone, BM-bone 

marrow. 

 

Figure 4.5 Histological images representing the 3D printed HAP scaffolds implanted into the medial side of 

rat tibia over 12 weeks (A) Complete view of the transverse tibial section, where new bone(NB) 

ingrowth is seen into the Hydroxyapatite (HAP) pores; (B) Magnified view of A, blue arrowheads 

display osteocytes; (C) Magnified view of B, the black circle shows the Haversian canal with 

connective tissue and blood vessel, black arrow shows osteoblast cell and the yellow arrowhead 

represents a multinucleated cell similar to the osteoclast; (E) Magnified view of D, showing 

vascularization of the newly formed bone; (F) Magnified view of E where blue arrows represent 

the new bone and black arrows represent vasculature; (G) Blue rectangle shows the interface 

between the old bone(blue arrow) and the HAP implant(black arrows); (H) Magnified view of G 

showing the HAP implant; (I) Magnified view of H showing the formation of new bone within 

the HAP pores 

Figure 4.6 Histological images representing the sham control over 12 weeks 

            (A) A complete view of the transverse tibial section where a complete bony union has occurred, 

black arrows represent the defect site, '#' shows the fibrous matrix formed adjacent to the defect; (B) 

Magnified view of A; (C) Magnified view of B, bone marrow (BM) is formed at the vicinity of the 

defect; (E) Magnified view of D, blue arrowheads show the osteocytes; (F) blue arrowhead represents 

osteocytes, where L-lateral, A-anterior, M-medial, P-posterior, blue arrow-bone marrow 

Figure 4.7 Pearson's correlation between the in vitro and in vivo parameters testing the HAP biomaterial (A) 

Correlation between gene expression (in vitro) and histology, i.e., H and E staining (in vivo); 

(B)Correlation between ALP assay (in vitro) and BMD from micro-CT (in vivo); (C). Correlation 

between Alizarin red assay (in vitro) and BMD from micro-CT (in vivo) 

Figure 5.1 Bright-field microscopic images depicting the morphology of (a, b) early and late passage 

fibroblast cells before; and (c,d)after staining with senescence-associated (SA) β-galactosidase 

on day 7. (e) Graphical representation of the cell number of the early and late passage fibroblast 
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cells on days 1 and 7. (f) Quantification of relative telomere length of the early and late passage 

fibroblast cells on day 7. 

 

Figure 5.2 Immunofluorescence analysis depicting the protein expression of Actin and Fibronectin (FN) in 

early(a-d) and late passage(e-h) fibroblast cells on day 7 in 2D monolayer culture. (e) 

Fluorescence intensity comparison graphs. Data represented as Mean ± SD, significant at p < 

0.0001 

Figure 5.3 Evaluation of gene expression by RT-PCR of (A) early and late passage fibroblast cells in 2D 

monolayer culture (a)Fibronectin (b) COL 1A1 (c) COL 2A1 (d) COL 4A4 (e) MMP 1 (f) MMP 

2 (g) MMP 13 on day 7 (B)early and late passage fibroblast cells and   keratinocytes plus 

melanocytes in co-culture(Co-Cul) (a)Fibronectin (b) COL 1A1 (c) COL 2A1 (d) COL 4A4 (e) 

MMP-1 (f) MMP-2 (g) MMP-13 after 7 days in cornification media 

Figure 5.4 Immunofluorescence analysis depicting the protein expression of (A) Actin and FN in early(a,b) 

and late passage(c,d) fibroblast cells in co-culture with keratinocytes and melanocytes after 7 days 

in cornification media. FN stained in green fluorescence, Actin as red phalloidin. Nucleus stained 

blue by DAPI. (B) CK 1 and CK14 were produced by differentiated keratinocytes embedded in 

co-culture conditions with early(a,b) and late(c,d) passage fibroblast cells after 7 days in 

cornification media. CK1 and CK14 stained red, nucleus stained blue by DAPI. Abbreviations: 

FN: Fibronectin, CK: Cytokeratin, Co-cul: co-culture 

Figure 5.5 (A) 3D bioprinted SF-G construct with early passage fibroblast cells kept in proliferation media 

for 3 days. Dual layered 6 cm X 25 mm 3D bioprinted SF-G construct with (B) early and (C) late 

passage fibroblast cells and keratinocytes and melanocytes printed as top layer post 3 days in 

proliferation media, simulating the 3D skin aging model. (D, E) Microscopic image of the 3D 

bioprinted construct with early and late passage fibroblast cells only on day 3. (F) The 6 cm X 25 

mm construct was dissected into 6 mm X 6 mm fragments and kept in transwell culture in 

cornification media for 7 days. 

Figure 5.6 (A) Evaluation of gene expression by RT-PCR of 3D bioprinted SF-G constructs encapsulated 

with early and late passage fibroblast cells with keratinocytes and melanocytes on day 7 in 

transwell (a)Fibronectin (b) COL 1A1 (c) COL 2A1 (d) COL 4A4 (e) MMP 1 (f) MMP 2 (g) 

MMP 13. Immunostaining images depicting the expression of (B) FN and (C) Actin in 3D 

bioprinted SF-G constructs on day 7 in transwell. Abbreviations: SF-G – Silk-fibroin-gelatin, FN- 

Fibronectin 

Figure 5.7 (A) Protein expression profile of early and late fibroblasts in 2D (lanes 2 & 3), Co-culture (early 

passage fibroblast before cornification, Lane 4), and Lanes 5 & 6 represent the early/late passage 

fibroblasts co-culture with keratinocytes and melanocytes after 7 days in cornification media, 

Lane 7-early passage 3D bioprinted SF-G construct after 7 day in transwell, Lane 8 & 9-late 

passage 3D bioprinted SF-G construct after 7 day in a transwell. Highlighted red box shows 

differentiated protein bands that MALDI-TOF identifies. (B)  STRING protein-protein expression 

of the proteins in SF-G bioprinted construct 

Figure 5.8 Bright-field microscopic images depicting the morphology of (A) (a, b) control and H2O2 

treated fibroblast cells before and (c,d)after staining with SA β-gal on day 7. (B) (a,b) control 

and high glucose treated fibroblast cells before and (c,d)after staining with SA β-gal on day 7. 

(C, D) Quantification of relative telomere length of the H2O2 and high glucose treated fibroblast 

cells on day 3, 7, and 14, respectively. 

 

Figure 5.9 Immunofluorescence analysis of HCS DNA Damage Staining of fibroblast cells (a-e) control (f-

j) treated with 200 µm H2O2 on Day 7 (k-o) cultured in proliferation media on day 7 (p-t) 

cultured in high glucose medium on day 7 
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Figure 5.10 Evaluation of gene expression by RT-PCR of (A) H2O2 and (B) high glucose treated fibroblast 

cells (a)Fibronectin (b) COL 1A1 (c) COL 2A1 (d) COL 4A4 (e) MMP 1 (f) MMP 2 (g) MMP 

13 on day 3,7 and 14. 

 

Figure 5.11 Cell cycle analysis by propidium iodide (PI) staining using flow cytometry. Cultured Fibroblast 

cells were treated with (A) 200 µM H202 and analyzed at 24, 48, and 72 hrs after exposure and 

(B) 50 mM of high glucose and analyzed at day 3 and day 7.  (C, D) Cell cycle analysis was 

calculated as G1, S phase, G2M from the histogram of the flow cytometry analysis. 

Figure 6.1 
Covalent cross-linking of collagen Type I with Chondroitin Sulphate. 

                   Step 1: Oxidation of Chondroitin Sulphate (CS) with Sodium Periodate. 

                   Step 2: Reaction of oxidized CS with collagen type I 

 

Figure 6.2 FTIR spectra of the stroma from native goat cornea, decellularized cornea, and chondroitin sulfate 

conjugated decellularized cornea 

 

Figure 6.3 

Tridimensional shape analysis of monocytes and macrophages cultured in the designated corneal 

matrices, namely (A) Area, (B) Circularity, (C) Feret's Diameter, (D)Skewness, (E)Height, Width, 

Round, and Solidity. Corneal scaffolds from five groups were analyzed with a minimum of 20 

monocytes in each matrix. Data represented as mean ± SD, *represents p < 0.05, and # represents 

non-significant 

Figure 6.4 
SEM of THP-1 monocytes seeded on different corneal scaffolds cultured for 72 h, i.e., NC (A, 

D), (B, E) DC, and (C, F) DC+CS without PMA and on (G, J) NC and (H, I, K) DC + CS with 

PMA. Magnifications of 2000× and 5000× of the same field are used. Red arrows represent (A, 

D) dividing THP-1 cells, (B, E) macrophage activation, and (H, J) giant cell formation. 

Figure 6.5 

a. Fluorescence microscopy analysis of pHrodo red dextran staining of THP-1 monocyte on (A, 

B) NC, (E, F) DC, (G, H) DC +CS, and (C, D) PMA stimulated macrophage on NC; (I, J) DC+CS 

cultured for 72 h. Dextran red positive and merged (Dextran red positive + DAPI) channel has 

been represented in 20× magnification. (K) Fluorescence intensity comparison graph. Data 

represented as mean ± SD, *represents p < 0.05. 

 

b. Fluorescence microscopy analysis of endosomal staining of THP-1 monocyte on (A, B) NC, 

(E, F) DC, (G, H) DC+CS, and PMA-stimulated macrophage on (C, D) NC and (I, J) DC+CS 

were cultured for 72 h. ER, tracker red, and merged (ER tracker red + DAPI) channels have been 

represented in 20× magnification. (K) Fluorescence Intensity comparison graph. Data expressed 

as mean ± SD, *represents p < 0.05. 

 

c. Fluorescence microscopy analysis of lysosomal staining of THP-1 monocyte on (A, B) NC, (E, 

F) DC, (GH) DC+CS, and PMA-stimulated macrophage on (C, D) NC and (I, J) DC+CS were 

cultured for 72 h. Lysotracker red and merged (Lysotracker red + DAPI) channel has been 

represented in 20× magnification. (K) Fluorescence Intensity comparison graph. Data expressed 

as mean ±SD, *represents p < 0.05. 

 

Figure 6.6 

a. Immunofluorescence analysis of CD63 staining of THP-1 monocyte on (A−C) NC, (G−I) DC, 

(J−L) DC+CS, and PMA-stimulated macrophage on (D−F) NC and (M−O) DC+CS cultured for 

72 h. DAPI, CD63/AF555, and merged positive channels have been represented in 20× 

magnification. (P) Fluorescence Intensity comparison graph. Data expressed as mean ± SD, 

*represents p < 0.05 

 

b. Immunofluorescence analysis of LAMP-2 staining of THP-1 monocyte on (A−C) NC, (G−I) 

DC; (J−L) DC+CS and PMA stimulated macrophage on (D−F) NC and (M−O) DC+CS cultured 
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for 72 h. DAPI, LAMP-2/AF555, and merged positive channel has been represented in 20× 

magnification. (P) Fluorescence Intensity comparison graph. Data represented as mean ± SD, 

*represents p < 0.05 

Figure 6.7 

(A) Perfusion bioreactor containing cornea for decellularization (B) Peristaltic pump and the setup 

of the bioreactor, (C) H&E images of the whole rabbit cornea 3 months after implantation of 

native goat corneal stroma (NC) in the stromal pocket. Black arrows indicate the different layers 

starting from the (1) outer epithelium, (2) Bowman's layer, (3) keratocyte nuclei present in the 

stroma, (4) stromal layer, (5) Descemet's membrane, (6) endothelium layer, (D) magnified view 

of C, (E) implantation of the corneal matrix in the rabbit's stromal pocket. 

Figure 6.8 

a. H&E images of the rabbit cornea 3 months after implantation of the decellularized cornea (DC) 

(A) Intact (a1) Bowman's and (a2) Descemet's membrane; (a3) occasional gaps mostly present in 

(a4) the subepithelial region. (B) Separation of stroma lamella; (b1) magnified view of B showing 

(b2) interlamellar space; (C) (c1) extensive cellular infiltration in the stroma; (c2) magnified view 

of C, (c3) nuclei of rabbit keratocytes;(D) magnified view of the stratified epithelial region; (E) 

focal gaps in the subepithelial region. 

b. H&E images of the rabbit cornea 3 months after implantation of the cross-linked cornea 

(DC+CS). (A) Nominal/focal separation of the lamella; (a1) magnified view of A, separated 

lamella; (B) lamellar organization of stroma (b1); (b1) magnified view to show the orientation of 

keratocytes along with ECM; (C) seamless blending of the graft in the stromal pocket; (c1) 

magnified view of C; (D) cellular infiltration in the implanted graft region (d1); (d1) magnified 

view of D, the orientation of cells and fibrous ECM 

Figure 6.9 Schematic representation of macrophage activation on corneal matrices 
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