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“The aim of science is not to open the door to infinite wisdom, but to set a limit 

to infinite error.” 

― Bertolt Brecht, Life of Galileo 

 

https://www.goodreads.com/work/quotes/2403570
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Abbreviations 

BMP Bone Morphogenetic Protein 

BMP-2 Bone Morphogenetic Protein 2 

BMP-7 Bone Morphogenetic Protein 7 

CRISPR  Clustered Regularly Interspaced Short Palindromic Repeats 

DBM Demineralized Bone Matrix 

ECM  Extracellular Matrix 

eECM  Engineered Extracellular Matrix 

FGF  Fibroblast Growth Factor 

GelMA  Gelatin Methacrylate 

HAp  Hydroxyapatite 

Ihh  Indian Hedgehog 

IL-1β  Interleukin-1 beta 

IL-10  Interleukin-10 

MMP  Matrix Metalloproteinase 

MSC  Mesenchymal Stem/Stromal Cell 

MSOD-B  Mesenchymal Stem/Stromal Cell Line B 

nECM  Native Extracellular Matrix 

PGA  Polyglycolic Acid 

PEG  Polyethylene Glycol 

PLA  Polylactic Acid 

PLGA  Polylactic-co-Glycolic Acid 

PTHrP  Parathyroid Hormone-related Protein 

RGD  Arginylglycylaspartic Acid 

RNP  Ribonucleoprotein 

RUNX2  Runt-related Transcription Factor 2 

sECM  Synthetic Extracellular Matrix 

TAZ  Transcriptional Coactivator with PDZ-binding Motif 

TE  Tissue Engineering 
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TGF-β  Transforming Growth Factor Beta 

TNF-α  Tumor Necrosis Factor Alpha 

VEGF  Vascular Endothelial Growth Factor 

YAP  Yes-associated Protein 
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Popular Summary 

Our body is like a thriving city, always busy, with some construction constantly 

going on—building, maintaining, or removing. The primary workers responsible for 

maintaining functionality and handling maintenance are our immune cells. 

However, there are times when things inevitably go out of control, accidents happen, 

and further assistance is required for repair and recovery. 

We typically import construction materials, which we refer to as biomaterials, to 

address these issues. One important thing to emphasize is how sensitive it may be 

to anything it is not familiar with. Naturally, it does not like construction materials 

not made in its own land (our body). Traditionally, these imported construction 

materials (biomaterials) are used as replacements for damaged parts of the city 

(injured tissue). 

In our lab, we have developed specialized materials (Engineered ECMs) that are 

akin to AI-integrated machines. They not only replace the damaged part of the city 

(tissue replacement) but also actively assist our maintenance workers (the immune 

system) in their natural repair processes and help construct the damaged part using 

their own materials (tissue regeneration). We have also developed an update 

(decellularization) to these special materials to remove any errors and improve their 

user-friendliness (integration) with the maintenance team. 

The focus of this thesis is to study the performance of these special materials 

(Engineered ECMs). I test them in different locations (animal models) to see how 

they can assist the local maintenance team (immune system) in rebuilding damaged 

regions. Another important factor I worked on is user feedback (immune response). 

As you know, like any product, user satisfaction is an essential factor for the success 

of the product. It is of utmost importance to keep the users—in this case, the 

maintenance team (immune system)—happy. I conduct various interviews 

(experiments) to gather as much feedback as I can to improve the special material’s 

design and make it more user-friendly (biocompatible). 

In addition, I used cutting-edge technology (CRISPR/Cas9 gene editing) to upgrade 

our special materials (Engineered ECMs), making them more personalized 

according to the specific needs of different cities (different parts of the body). With 

this, we can customize the AI previously absent. 

Hopefully, with this advanced material (Engineered ECMs) and all these upgrades 

(Decellularization and CRISPR/Cas9 modification), we aim to generate 

personalized, readily available materials to meet any city’s needs (Personalized 

therapies for tissue regeneration). 
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Swedish 

Vår kropp är som en blomstrande stad, alltid upptagen, med vissa konstruktioner 

som ständigt pågår - att bygga, underhålla eller ta bort. De huvudsakliga arbetarna 

som är ansvariga för att hålla saker och ting funktionella och sköta underhållet är 

våra immunceller. Men det finns tillfällen då saker oundvikligen går utom kontroll, 

olyckor inträffar och ytterligare hjälp krävs för reparation och återhämtning. 

Vi importerar vanligtvis byggmaterial, som vi kallar biomaterial, för att åtgärda 

dessa problem. En viktig sak att betona är hur strikt vårt immunförsvar är – det kan 

vara väldigt känsligt och kan reagera på allt de inte känner till. Naturligtvis gillar 

den inte byggmaterial som inte är tillverkade i sitt eget land (vår kropp). 

Traditionellt används dessa importerade byggmaterial (biomaterial) som ersättning 

för skadade delar av staden (skadad vävnad). 

I vårt labb har vi utvecklat specialmaterial (Engineered ECMs) som mer liknar AI-

integrerade maskiner. De ersätter inte bara den skadade delen av staden 

(vävnadsersättning) utan hjälper aktivt våra underhållsarbetare (immunsystemet) i 

deras naturliga reparationsprocesser och hjälper till att konstruera den skadade delen 

med hjälp av deras egna material (vävnadsregenerering). Vi har också utvecklat en 

uppdatering (decellularisering) av dessa specialmaterial för att ta bort eventuella fel 

och förbättra deras användarvänlighet (integration) med underhållsteamet. 

Fokus för denna avhandling är att studera prestandan hos dessa speciella material 

(Engineered ECMs). Jag testar dem på olika platser (djurmodeller) för att se hur de 

kan hjälpa det lokala underhållsteamet (immunsystemet) med att återuppbygga 

skadade regioner. En annan viktig faktor jag arbetat med är användarfeedback 

(immunrespons). Som du vet, precis som alla produkter, är användarnas 

tillfredsställelse en viktig faktor för produktens framgång. Det är av yttersta vikt att 

hålla användarna – i det här fallet underhållsteamet (immunsystemet) – nöjda. Jag 

genomför olika intervjuer (experiment) för att samla in så mycket feedback jag kan 

för att förbättra specialmaterialets design och göra det mer användarvänligt 

(biokompatibelt). 

Dessutom använde jag banbrytande teknologi (CRISPR/Cas9 genredigering) för att 

uppgradera våra specialmaterial (Engineered ECMs), vilket gjorde dem mer 

personliga efter de specifika behoven i olika städer (olika delar av kroppen). Med 

detta kan vi anpassa AI:n i specialmaterialet för att hjälpa till att bygga de önskade 

förbättringarna som inte fanns tidigare. 

Förhoppningsvis, med detta avancerade material (Engineered ECMs) och alla dessa 

uppgraderingar (Decellularization och CRISPR/Cas9 modifiering), siktar vi på att 

generera personligt anpassat, lättillgängligt material för alla städers behov 

(Personaliserade terapier för vävnadsregenerering). 
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German 

Unser Körper ist wie eine florierende und stets aktive Stadt, in der ständig etwas 

gebaut, instandgehalten oder abgerissen wird. Die für die Funktionsfähigkeit und 

Wartung verantwortlichen Hauptarbeiter sind unsere Immunzellen. Aber manchmal 

geraten Dinge unvermeidlich außer Kontrolle, Unfälle passieren, und zusätzliche 

Hilfe für Reparatur und Genesung wird erforderlich. 

Um diese Probleme zu beheben, importieren wir normalerweise Baumaterialien, die 

wir Biomaterialien nennen. Dabei ist es wichtig zu betonen, dass unser 

Immunsystem extrem streng ist – es ist sehr empfindlich und kann auf alles 

reagieren, was ihm unbekannt ist. Natürlich mag es keine Baumaterialien, die nicht 

in seinem eigenen Land (unserem Körper) hergestellt wurden. Traditionell werden 

diese importierten Baumaterialien (Biomaterialien) als Ersatz für beschädigte 

Bereiche in der Stadt (verletztes Gewebe) verwendet. 

In unserem Labor haben wir spezielle Materialien (Engineered ECMs) entwickelt, 

die eher Maschinen mit künstlicher Intelligenz ähneln. Sie ersetzen nicht nur den 

beschädigten Teil der Stadt (Gewebeersatz), sondern unterstützen unsere 

Wartungsarbeiter (das Immunsystem) aktiv bei ihren natürlichen 

Reparaturprozessen und helfen beim Wiederaufbau des beschädigten Teils mit ihren 

eigenen Materialien (Geweberegeneration). Wir haben auch ein Update 

(Dezellularisierung) für diese Spezialmaterialien entwickelt, um Fehler zu 

beseitigen und ihre Benutzerfreundlichkeit (Integration) für das Wartungsteam zu 

verbessern. 

Der Schwerpunkt dieser Forschungsarbeit liegt auf der Untersuchung der Leistung 

dieser Spezialmaterialien (Engineered ECMs). Ich teste sie an verschiedenen Orten 

(Tiermodellen), um zu sehen, wie sie das lokale Wartungsteam (Immunsystem) 

beim Wiederaufbau beschädigter Bereiche unterstützen können. Ein weiterer 

wichtiger Faktor, an dem ich gearbeitet habe, ist das Benutzerfeedback 

(Immunreaktion). Wie Sie wissen, ist die Benutzerzufriedenheit wie bei jedem 

Produkt ein wesentlicher Faktor für den Produkterfolg. Es ist von größter 

Bedeutung, die Benutzer – in diesem Fall das Wartungsteam (Immunsystem) – 

zufrieden zu stellen. Ich führe verschiedene Interviews (Experimente), um so viel 

Feedback wie möglich zu sammeln, das Design des Spezialmaterials zu verbessern 

und es benutzerfreundlicher (biokompatibel) zu machen. 

Darüber hinaus habe ich modernste Technologie (CRISPR/Cas9-Genbearbeitung) 

verwendet, um unsere Spezialmaterialien (Engineered ECMs) zu verbessern und sie 

entsprechend den spezifischen Anforderungen verschiedener Stadtteile 

(verschiedener Körperteile) individueller zu gestalten. Damit können wir die 

künstliche Intelligenz im Spezialmaterial anpassen, um die gewünschten 

Verbesserungen zu erzielen, die es vorher nicht gab. 
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Hoffentlich können wir mit diesem fortschrittlichen Material (konstruierte ECMs) 

und all diesen Upgrades (Dezellularisierung und CRISPR/Cas9-Modifizierung) 

personalisierte, leicht verfügbare Materialien für die Bedürfnisse jeder Stadt 

erzeugen (personalisierte Therapien zur Geweberegeneration). 
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Tamil 

நம் உடலானது செழித்து வளரந்்து வரும் நகரதத்தப் பபான்றது. 

எப்சபாழுதும் சதாடரெ்ச்ியாக ஓய்வின்றி , சில 

கட்டுமானங்கள், சீரதமப்பு அல்லது அகற்றும் பணிகள் 

நதடசபற்றுக் சகாண்டிருக்கும். இதவ இயங்குவதற்கும் 

பராமரிப்தபக் தகயாளுவதற்கும் நமது பநாசயதிரப்்பு 

செல்கள் முக்கியமானதவ. எனினும், சில தவிரக்்க இயலாத 

பநரங்களில் கட்டுப்பாட்டிதன மீறி விபத்துகள் பபான்றதவ 

நிகழ்தகயில், பமலும் பழுது மற்றும் மீட்புக்கு கூடுதல் உதவி 

பததவ. இந்த சிக்கதல ெரிசெய்ய நாங்கள் வழக்கமாக 

இறக்குமதி செய்யும் கட்டுமான சபாருடக்தள , உயிர ்

சபாருடக்ள்(Biomaterials) என்று அதழக்கிபறாம்.  வலியுறுதத் 

பவண்டிய ஒரு முக்கியமான விெயம் என்னசவன்றால், நமது 

பநாசயதிரப்்பு அதமப்பு எவ்வளவு கண்டிப்பானது என்பது. 

அதவ மிகவும் உணரத்ிறன் சகாண்டதவ, தனக்குத் சதரியாத 

அதனத்திற்கும் எதிரவ்ிதனயாற்றும். இயற்தகயாகபவ, அதன் 

சொந்த மண்ணில் (நம் உடல்) தயாரிக்கப்படாத  எந்த ஒரு 

கட்டுமானப் சபாருடக்தளயும் அதவ விரும்புவதில்தல. 

சபாதுவாக, இந்த இறக்குமதி செய்யப்பட்ட கட்டுமானப் 

சபாருடக்ள் (உயிர ் சபாருடக்ள்) நகரத்தின் பெதமதடந்த 

பகுதிகதள (காயமதடந்த திசு) மாற்றுவதற்குப் 

பயன்படுதத்ப்படுகின்றன. 

எங்கள் ஆய்வகத்தில், செயற்தக நுண்ணறிவு -

ஒருங்கிதணக்கப்பட்ட இயந்திரங்கதளப் பபான்ற சிறப்புப் 

சபாருடக்தள (சபாறியியல் ECMகள்) உருவாக்கியுள்பளாம். 

அதவ நகரின் பெதமதடந்த பகுதிதய (திசு மாற்றுதல்) 

மாற்றுவது மட்டுமல்லாமல், எங்கள் பராமரிப்புப் 

பணியாளரக்ளுக்கு (பநாய் எதிரப்்பு அதமப்பு) அவரக்ளின் 

இயற்தகயான பழுது பாரக்்கும் செயல்முதறகளில் தீவிரமாக 

உதவுகின்றன மற்றும் பெதமதடந்த பகுதிதய தங்கள் சொந்த 

சபாருடக்தளப் பயன்படுத்தி (திசு மீளுருவாக்கம்) மீண்டும் 

உருவாக்க உதவுகின்றன. ஏபதனும் பிதழகள்  இருந்தால் 

அவற்தற நீக்கி, பராமரிப்புக் குழுவுடன் ஆன 

ஒருங்கிதணப்தப பமம்படுதத், இந்த சிறப்புப் 

சபாருடக்ளுக்கான புதுப்பிப்தப (செல்லுலதரபெஷன்) 

உருவாக்கியுள்பளாம். 
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இந்த ஆய்வறிக்தகயின் பநாக்கம், இந்த சிறப்புப் 

சபாருடக்ளின் (சபாறியியல் ECMகள்) செயல்திறதனப் 

அறிவதாகும்.  பெதமதடந்த பகுதிகதள மீண்டும் உருவாக்க 

உள்ளூர ் பராமரிப்புக் குழுவுக்கு (பநாய் எதிரப்்பு அதமப்பு) 

எவ்வாறு உதவ முடியும் என்பததப் பாரக்்க, அவற்தற 

சவவ்பவறு இடங்களில் (விலங்கு மாதிரிகள்) பொதித்பதன். 

நான் பணிபுரிய மற்சறாரு முக்கியமான 

காரணம்  பயனரக்ளுதடய மீள்கருத்து (பநாய் எதிரப்்பு விதன 

). உங்களுக்குத் சதரியும், எந்தசவாரு தயாரிப்தபயும் 

பபாலபவ, தயாரிப்பின் சவற்றிக்கு பயனர ்திருப்தி ஒரு முக்கிய 

காரணியாகும். பயனரக்தள-இந்த விஷயத்தில், பராமரிப்பு 

குழு (பநாய் எதிரப்்பு அதமப்பு)-மகிழ்ெச்ியாக தவத்திருப்பது 

மிகவும் முக்கியம். சிறப்புப் சபாருளின் வடிவதமப்தப 

பமம்படுதத்வும், பயனரக்ளுக்கு ஏற்றதாக (உயிர ்

இணக்கத்தன்தம) உருவாக்கவும் என்னால் முடிந்த அளவு 

கருத்துக்கதளெ ் பெகரிக்க பல்பவறு பநரக்ாணல்கதள 

(பொததனகள்) நடத்துகிபறன். 

பமலும், சவவ்பவறு நகரங்களின் (உடலின் சவவ்பவறு 

பாகங்கள்) குறிப்பிட்ட பததவகளுக்கு எங்கள் சிறப்புப் 

சபாருடக்தள (சபாறியியல் ECMகள்) பயனரக்ளுக்கு 

ஏற்றவாறு அதிநவீன சதாழில்நுட்பதத்த (CRISPR/Cas9 மரபணு 

திருத்தம்) பயன்படுத்திபனன். இதன்மூலமாக, சிறப்புப் 

சபாருடக்ளில் முன்னர ் கிதடக்காத பமம்பாடுகளுடன் 

உருவாக்க உதவும் செயற்தக 

நுண்ணறிதவ  பயனரக்ளுக்கு  தகுந்தவாறு அனுமதிக்கிறது. 

இந்த பமம்பட்ட சபாருள் (சபாறியியல் ECMகள்) மற்றும் இந்த 

பமம்பாடுகள் (Decellularization மற்றும் CRISPR/Cas9 மாற்றம்) 

மூலம், எந்தசவாரு நகரத்தின் பததவகளுக்கும் (திசு 

மீளுருவாக்கம் தனிப்பயனாக்கப்பட்ட சிகிெத்ெகள்) 

பயனரக்ளுக்கு ஏற்ப, எளிதில் கிதடக்கக் கூடிய சபாருடக்தள 

உருவாக்குவததபய எங்கள் பநாக்கமாகக் சகாண்டுள்பளாம். 
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Abstract 
 

Critical-sized bone defects remain a significant unmet clinical need, with > 500,000 

reconstructive procedures performed annually in the United States and Europe and 

associated costs exceeding US$3 billion. Autologous bone grafting—the current 

gold standard—suffers from limited harvest volume and donor-site morbidity, 

whereas allografts show variable integration and carry immunological and infection 

risks. Recombinant therapies using growth factors partly address these issues but 

require supraphysiological doses that provoke ectopic ossification and 

inflammation. Tissue engineering (TE) offers a conceptual solution by combining 

cells, bioactive cues and scaffolds to fabricate living grafts; however, cell-laden 

constructs that rely on the in vitro expansion and differentiation of primary cells 

face considerable challenges, including variability between donors, extended 

production times, reduced viability upon implantation, and limited scalability. 

Engineered extracellular matrices (ECMs)—acellular scaffolds deposited by cells 

and subsequently devitalized—offer a way to overcome these barriers by preserving 

intrinsic biological cues, thereby addressing the logistical and safety challenges 

associated with cell-based therapies. This thesis explores how eECMs can be 

optimized for bone regeneration by addressing four critical translational barriers: 

growth factor dependency, cell donor variability, programmable matrix function, 

and immune compatibility.  

First, we show that a collagen–hydroxyapatite scaffold loaded with heterodimeric 

Bone morphogenetic protein (BMP) 2/7 significantly improves osteoinduction at 

lower doses than BMP-2 alone, enhancing osteogenic progenitor recruitment and 

matrix deposition (Paper 1). We then demonstrate the development of an off-the-

shelf eECM generated from a standardized human mesenchymal stem/stromal cell 

line (MSOD-B), which, upon devitalization, supports robust endochondral 

ossification in a cell-free manner (Paper 2).  We applied CRISPR/Cas9 editing to 

customize the composition and function of eECMs by targeting key regulators of 

endochondral ossification. Vascular endothelial growth factor (VEGF) knockout in 

MSOD-B cells yielded cartilage matrices that, despite delayed vascularization, 

retained full capacity to prime endochondral ossification in ectopic models, 

indicating that VEGF is dispensable for initiating this program. In contrast, Runt-

related transcription factor 2 (RUNX2) knockout prevented cartilage hypertrophy 

and significantly reduced ossification, yet enhanced cartilage repair in a rat 

osteochondral defect model. These findings demonstrate that transcriptional 

engineering of ECM-producing cells enables the precise modulation of regenerative 

outcomes, allowing for programmable shifts between osteogenic and chondrogenic 

pathways (Paper 3). Finally, we characterized the immune response to ECMs from 

cartilage (Paper 4) and 3D-printed lung tissues (Paper 5) in various animal models, 

highlighting the correlation between early M2 macrophage recruitment and tissue 
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regeneration, and noting the variability in the predictive outcomes of tissue 

regeneration based on early immune recruitment patterns. 

In summary, we demonstrated the performance of ECMs in instructing tissue repair 

using standardized cell lines, of which genetic customization leads to tailored graft 

properties. We determined the immunogenicity of ECMs and revealed early 

immune response patterns in engineered and 3D-printed ECMs associated with 

successful tissue regeneration. Our research contributes to the development of 

effective repair strategies beyond the skeletal framework, facilitating the 

advancement of next-generation, personalized grafts. 
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Introduction 

Architecture and composition of bones 
Bones are complex organs that serve numerous physiological functions beyond 

merely providing structural support. They act as vital reservoirs of calcium and 

phosphate, which are critical for maintaining systemic mineral homeostasis.1 This 

mineral reservoir facilitates various metabolic processes and helps regulate the 

body's mineral balance. Additionally, bones house the bone marrow, the primary 

site for hematopoiesis, underscoring its dual role in mineral regulation and blood 

cell production.2 It is essential to recognize that bones function as a metabolically 

active tissue, playing a significant part in mineral homeostasis and hematopoiesis, 

thereby contributing to overall physical health.3. 

From a structural perspective, bones exhibit a hierarchical organization 

characterized by multiple length scales that confer exceptional mechanical 

resilience and regenerative capacity. At the nanoscale, bones primarily comprise 

type I collagen fibrils extensively mineralized with hydroxyapatite (HAp) crystals. 

These needle-like crystallites bond to form platelets, which stack into larger 

mineralized collagen units.1. The collagen fibrils arrange themselves into concentric 

layers known as lamellae, culminating in the formation of osteons—Haversian 

systems centered around vascular canals in cortical bones. This sophisticated multi-

scale architecture provides cortical bones with enhanced mechanical properties such 

as stiffness and toughness, which are crucial for load-bearing roles.4 

Conversely, trabecular bones comprise a porous network with interconnecting struts 

and plates. This architecture increases the surface area and vascularity, facilitating 

efficient metabolic exchange and supporting rapid calcium turnover.5 Integrating a 

compact cortical shell with a metabolically active trabecular core allows bones to 

maintain a lightweight yet robust structure capable of dissipating stress and adapting 

to mechanical demands per Wolff’s law.6 Consequently, bone regeneration is 

fundamentally distinctive, differing from the disorganized fibrotic healing observed 

in soft tissues. Bone regeneration is an organized process unfolding through well-

regulated phases of inflammation, repair, and remodeling, ultimately restoring the 

bone's form and function.7–9 The effectiveness of this regenerative process is closely 

tied to the intricate hierarchical design of bones, from the organization of 

mineralized collagen at the nanoscale to the macro-level arrangements of the 

cortical and trabecular components.10 
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Structural organization of bone. Cortical bone is composed of osteons arranged around Haversian 

canals, interconnected by Volkmann’s canals that transmit vessels and nerves. The trabecular bone 

forms a porous lattice that enhances vascularity and metabolic exchange, while the periosteum 

provides an external covering that supports vascular supply and progenitor cell activity11. 

Intramembranous ossification 

Bone formation occurs through two primary developmental pathways: 

intramembranous and endochondral ossification. Intramembranous ossification is a 

direct mechanism where mesenchymal stem/stromal cells (MSCs) differentiate into 

osteoblasts without forming a cartilage intermediate. This pathway is crucial for 

forming the flat bones of the skull and clavicle and is regulated by a complex 

interplay of mechanical cues and molecular signals.12 In this process, MSCs undergo 

condensation and begin to express the pivotal osteogenic transcription factor 

RUNX2, initiating the expression of essential bone matrix proteins, such as type I 

collagen and osteocalcin.13 

Bone morphogenetic proteins (BMPs) serve as significant regulatory cues, 

promoting RUNX2 expression and osteoblast maturation, which are fundamental 

for bone formation. BMP2, in particular, activates cellular signaling pathways that 
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lead to the transcription of various osteogenic genes, including RUNX2 and Osterix, 

thereby driving the differentiation of MSCs14,15. Concurrently, the Wnt/β-catenin 

signaling pathway is supportive; it synergizes with BMP signaling to enhance 

osteogenic differentiation while inhibiting adipogenesis in MSCs.13 Evidence shows 

that active Wnt signaling encourages a shift from fat lineage differentiation towards 

a bone-forming phenotype, reinforcing the commitment of MSCs to the osteogenic 

pathway.16 Additionally, fibroblast growth factors (FGFs) significantly contribute 

to this process by stimulating the proliferation of osteoprogenitor cells and 

promoting their later differentiation into osteoblasts.17,18 Disruption in FGF 

signaling has been correlated with impaired intramembranous bone formation, 

particularly evident in conditions such as craniosynostosis.19 

The intricate relationship between osteoblasts and vascularization is critical during 

intramembranous ossification. As osteoblasts lay down the osteoid, angiogenic 

factors such as vascular endothelial growth factor (VEGF) are secreted, promoting 

blood vessel infiltration into the developing bone. This vascularization is essential, 

as it supplies the necessary oxygen and nutrients to support the high metabolic 

activity associated with bone formation.20,21 Furthermore, growth factors like TGF-

β1 have been observed to enhance intramembranous bone healing, with exogenous 

TGF-β1 accelerating regeneration in models of calvarial defects, thereby 

highlighting the compound's role in facilitating normal intramembranous 

pathways.22 

Endochondral ossification 

Endochondral ossification is a complex process that involves the formation of a 

cartilage template that is subsequently replaced by bone. This pathway is crucial for 

developing long bones and facilitating the natural healing of fractures, as it reflects 

various aspects of embryonic bone development that persist throughout adulthood. 

The process begins with the condensation of MSCs, which differentiate into 

chondrocytes under the influence of the transcription factor SOX9, a key regulator 

of chondrogenesis.23,24  

During the progression of endochondral ossification, chondrocytes undergo 

proliferation and secrete a cartilage matrix. As the cartilage template matures, these 

chondrocytes undergo hypertrophy, characterized by increased cell size, and begin 

expressing osteogenic markers such as RUNX2 and Osterix (Sp7), which signify a 

transition to an osteogenic program.25,26 Hypertrophic chondrocytes produce 

alkaline phosphatase, which contributes to the calcification of the cartilage matrix 

in preparation for the subsequent transition to bone formation.27. The apoptosis of 

these hypertrophic chondrocytes, or their transdifferentiation into osteoblast-like 

cells, is essential for depositing mineralized bone and indicates the dynamic nature 

of this growth process.28,29 
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The cartilage-to-bone transition is regulated through a sophisticated network of 

signaling pathways. BMPs are essential in promoting the maturation of 

chondrocytes and elevating RUNX2 expression, thereby driving hypertrophic 

chondrocyte differentiation and the ultimate formation of osteoblasts.30,31 

Concurrently, Wnt/β-catenin signaling regulates the differentiation pace; active Wnt 

signaling promotes the terminal differentiation of hypertrophic chondrocytes, while 

the loss of Wnt signaling results in the cessation of differentiation.25,27 Conversely, 

FGFs, specifically through FGFR3, act as a negative regulator of endochondral 

growth by limiting chondrocyte proliferation and hypertrophy, a mechanism 

particularly observed in disorders such as achondroplasia.32,33 This intricate 

coordination across various signaling pathways is vital to ensure a systematic 

progression from chondrocyte proliferation at the periphery to central hypertrophic 

changes, followed by timely bone replacement.33,34  

A significant regulatory feature in endochondral ossification is the Indian hedgehog 

(Ihh)/parathyroid hormone-related protein (PTHrP) feedback loop. Hypertrophic 

chondrocytes produce Ihh, which diffuses to resting chondrocytes and stimulates 

the secretion of PTHrP. PTHrP ensures the continued proliferation of chondrocytes 

and delays their hypertrophy, allowing for the orderly growth of the cartilage 

template.33,35 As the template elongates, a gradient of PTHrP helps maintain a 

reservoir of proliferating chondrocytes near the ends, while allowing older 

chondrocytes in the center to undergo hypertrophy. Genetic disruptions to the Ihh 

signaling have been associated with aberrant ossification, as seen in Ihh-deficient 

mice, which present with truncated long bones and failed normal bone collar 

formation.26,29  

Following hypertrophy and programmed cell death of the chondrocytes, the 

cartilage matrix must be degraded to permit the encroachment of bone. Matrix 

metalloproteinases (MMPs), especially MMP-13, are secreted by the invading cells 

and hypertrophic chondrocytes, facilitating this degradation and allowing blood 

vessels to infiltrate the tissue. Research has demonstrated that MMP-9 is essential 

for vascular invasion of hypertrophic cartilage, as it helps release sequestered VEGF 

from the matrix, promoting angiogenesis within the growth plate.36,37. These newly 

formed blood vessels deliver osteoprogenitor cells and osteoclast precursors, 

leading to the resorption of calcified cartilage by osteoclasts and the deposition of 

new bone by osteoblasts onto the remaining cartilage matrix, resulting in the 

formation of primary spongiosa.38,39 Ultimately, the woven bone formed through 

this process will mature into organized lamellar bone upon further remodeling.40,41  
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Pathways of bone formation. In intramembranous ossification, mesenchymal stromal cells condense 

and differentiate directly into osteoblasts under the influence of osteogenic cues such as RUNX2, 

BMPs, and Wnt/β-catenin signaling. Osteoblasts secrete collagen-rich matrix that mineralizes, 

accompanied by vascular invasion and maturation into organized bone. In endochondral ossification, 

mesenchymal stromal cells first differentiate into chondrocytes to form a hyaline cartilage template. 

Chondrocytes proliferate and undergo hypertrophy, express RUNX2 and Osterix, and initiate matrix 

calcification. Subsequent vascular invasion, osteoclast-mediated resorption, and osteoblast deposition 

replace the cartilage scaffold with bone, establishing the mature structure of long bones42. 

Clinical need for bone regeneration 
Despite the remarkable regenerative capacity of bones, critical-sized bone defects 

arising from various causes, including trauma, infection, tumor resection, or 

congenital anomalies, present significant clinical challenges. Such defects do not 

heal spontaneously and necessitate medical intervention. The incidence of fractures 

and bone defects requiring surgical repair is substantial, with over half a million 

patients undergoing surgical reconstructions in the United States and Europe each 
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year, collectively incurring healthcare costs exceeding $3 billion.43 The burden of 

these conditions extends beyond mere financial implications, as they lead to long-

term disability, impaired limb function, and a diminished quality of life for affected 

individuals.44 

The traditional approach to managing critical bone loss has been autologous bone 

grafting, where a segment of bone is harvested, usually from the iliac crest, and 

transplanted to the defect site. Autografts are prized for providing osteogenic cells, 

osteoinductive growth factors, and a suitable osteoconductive scaffold.45  However, 

this approach is not without downsides; there are limitations related to the supply of 

autograft material and complications associated with harvesting bone, which can 

include chronic pain or even fracture at the donor site, reported in some studies to 

occur in a significant number of patients.46  Moreover, the finite nature of autograft 

materials presents significant challenges when confronted with extensive defects, 

where there may be insufficient grafts to achieve complete reconstruction.47  

Allogeneic bone grafts, obtained from cadaveric donors, are employed as viable 

substitutes to circumvent the limitations of autografts. These allografts provide 

structural support but typically lack viable cells, leading to variable osteoinductive 

potential and presenting risks of immune rejection and infection.48 Even when 

allografts are processed to eliminate living cells, immune responses can still be 

incited due to residual materials49 Furthermore, allografts have been associated with 

slower incorporation into the host bone compared to autografts, which complicates 

their clinical utility.50  

In addition to grafting strategies, clinicians have explored the use of bioactive 

molecules to boost bone healing. Specifically, recombinant human BMP-2 and 

BMP-7 have received approval for specific indications related to bone repair. These 

growth factors have shown effectiveness in stimulating bone regeneration in 

challenging fracture cases or spinal fusions; however, administering 

supraphysiological doses of BMPs can lead to adverse effects, including ectopic 

bone formation, inflammation, and potentially increased cancer risk.51,52  Clinical 

cases, particularly with BMP-2 in cervical spine fusions, have dealt with reported 

rates of unintended bone growth in surrounding tissues, leading to complications 

such as nerve compression.53  Thus, while BMPs can catalyze osteogenesis, their 

associated risks necessitate careful management and consideration regarding their 

clinical application. 

The significant drawbacks associated with autografts (such as donor site morbidity), 

allografts (like immunogenicity and variable quality), and growth factor therapies 

(cost and potential adverse effects) underscore a compelling need for innovative 

bone regenerative strategies. An ideal bone graft substitute would be readily 

available in ample quantities, biocompatible, immunologically tolerated, and 

inherently osteogenic/osteoconductive without necessitating high-risk doses of 

exogenous growth factors. Such a substitute would promote the infiltration and 
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mobilization of the patient’s cells while facilitating adequate vascularization and 

new bone formation in an organized manner, thus enhancing the body’s natural 

healing processes.54,55  

Tissue engineering: Concepts and components 
Given the challenges associated with traditional methods of bone repair, tissue 

engineering (TE) has emerged as a promising paradigm for regenerating bone and 

other tissues. Tissue engineering is "an interdisciplinary field that applies the 

principles of engineering and life sciences toward the development of biological 

substitutes that restore, maintain, or improve tissue function."56 . Essentially, TE 

seeks to fabricate living, functional tissues in a laboratory setting that can be 

implanted to replace or support damaged tissues. The classical TE strategy involves 

three critical components: (1) cells—often stem cells or progenitors that will 

produce the tissue matrix; (2) bioactive signals—such as growth factors and 

cytokines to direct cell behavior and differentiation; and (3) scaffolds—3D 

structural matrices (natural or synthetic) that provide a template for tissue formation 

and guide the organization of cells and the extracellular matrix.57,58  

In the realm of bone engineering, the selection of the cell source is paramount. 

MSCs are frequently utilized due to their multipotent nature (capable of 

differentiating into bone, cartilage, fat, etc.) and ease of harvesting from locations 

such as bone marrow or adipose tissue. MSCs can be the architects of new bone if 

provided with the appropriate signals.59  Internal genetic programs regulate their 

differentiation into osteoblasts, notably the transcription factor RUNX2, which is 

often referred to as a master switch for osteogenesis. Additionally, external cues 

from the microenvironment—including growth factors and the mechanical 

properties of the scaffold—are critical influencers of MSC behavior.60  To promote 

osteogenic differentiation, osteogenic growth factors such as BMP-2 are commonly 

incorporated, as BMPs stimulate the expression of RUNX2 and other genes 

essential for bone development.61,62  Furthermore, FGF can be added to encourage 

MSC proliferation and delay premature differentiation. In contrast, VEGF plays a 

key role in vascular ingrowth, is crucial for nourishment, and is synergized with 

BMPs to enhance bone formation.63,64  

The scaffold functions as an artificial extracellular matrix, essential for supporting 

and guiding cell behavior. An ideal scaffold for bone should exhibit 

biocompatibility, biodegradability (to allow gradual replacement with new bone), 

and a porous architecture that facilitates cell migration and vascular infiltration. 

Typical scaffold materials include ceramics such as hydroxyapatite or tricalcium 

phosphate, which closely mimic the mineral component of bone, alongside natural 

polymers like collagen and fibrin, and synthetic polymers like Polylactic-Co-

Glycolic Acid (PLGA) and polyethylene glycol.57,58 The scaffold’s microstructure, 
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including pore size, interconnectivity, and mechanical properties, significantly 

influences cellular behavior. Pore sizes around several hundred microns are 

generally favored for optimal vascularized bone ingrowth, while a stiffness 

comparable to native bone provides the necessary mechanical cues to MSCs. 

Studies indicate that substrate elasticity can steer stem cell lineage commitment, 

with stiffer substrates promoting osteogenesis while softer substrates may lead to 

adipogenesis or chondrogenesis.59,60  

Modern tissue engineering approaches exploit advanced bioreactor systems to 

culture cell-scaffold constructs under dynamic conditions. These systems enable 

continuous media flow perfusion, enhancing nutrient and oxygen delivery to cells 

within 3D scaffolds, thus preventing necrotic areas. Furthermore, these bioreactors 

can apply mechanical stimuli, like cyclic compression or fluid shear, to simulate 

physiological environments, which often results in more robust and mature tissue 

formation.65–67 In bone engineering, mechanical loading has been shown to foster 

osteogenic gene expression and promote matrix deposition, reflecting the 

mechanoresponsive capabilities of bone cells.66  

Extracellular Matrix: 
The extracellular matrix (ECM) is the non-cellular component of tissues that 

provides structural support and biochemical signals to cells. In bone and other 

tissues, the ECM is more than a passive scaffold; it is a dynamic, bioactive 

environment that regulates cell behavior and modulates healing. Generally, the 

ECM consists of a 3D network composed of fibrillar proteins (mainly collagens), 

elastin, glycoproteins (like fibronectin and laminin), and proteoglycans (which 

contain protein cores with glycosaminoglycan side chains such as heparan sulfate 

and chondroitin sulfate).68 The ECM also incorporates the mineral hydroxyapatite 

deposited within the collagen matrix in bones. This construction gives the bones´ 

ECM an intricate hierarchical structure that spans from the nanoscale 

collagen/mineral arrangement to the microscale osteon organization to the 

macroscale whole-bone geometry. This multiscale architecture imparts unique 

mechanical properties to the bone matrix; aligned collagen fibers resist tensile 

forces, while the embedded mineral phase bears compressive loads, producing 

anisotropic strength in the bone.69  

Beyond mechanical support, the ECM serves as a reservoir of signaling molecules. 

Many growth factors and cytokines are sequestered by ECM components and 

released and controlled during tissue remodeling. For instance, heparan sulfate 

proteoglycans in the ECM bind factors such as FGF 2, transforming growth factor 

beta (TGF-β), BMPs, and VEGF, sequestering them within the local environment. 

This sequestration protects the growth factors from degradation and establishes 

localized gradients that guide cell migration and differentiation.70 During bone 



29 

remodeling or injury repair, proteases such as matrix metalloproteinases (MMPs) 

degrade the matrix to create physical space and release growth factors from the 

ECM, amplifying regenerative signals as necessary. Thus, the ECM governs the 

spatiotemporal presentation of growth factors to cells, a principle that engineered 

scaffolds aim to replicate, often by designing materials with heparin-like domains 

that bind and gradually release BMP-2.71  

Cells engage with the ECM through specialized receptors, chiefly the integrin 

family. Integrins are transmembrane proteins that physically link the ECM (via 

binding motifs like Arginylglycylaspartic acid (RGD) sequences found in 

fibronectin or collagen) to the cell's cytoskeleton. Upon clustering and binding ECM 

ligands, integrins trigger the formation of focal adhesions—complexes of structural 

and signaling proteins (such as talin, vinculin, and FAK)—which activate 

intracellular signaling cascades.69. A critical outcome of this signaling is the 

activation of focal adhesion kinase (FAK) and downstream pathways such as Rho 

GTPases, which regulate cytoskeletal tension. Mechanotransduction pathways 

converge on transcriptional regulators, including the transcriptional co-activators 

Yes-associated protein (YAP) and the transcriptional co-activator with PDZ-

binding motif (TAZ), as well as RUNX2, which translocate to the nucleus in 

response to matrix stiffness or adhesion signals, thereby altering gene expression. A 

stiffer ECM that provides strong integrin engagement activates YAP/TAZ and 

RUNX2 in mesenchymal stem cells, driving osteogenic differentiation. At the same 

time, a soft matrix, which does not generate such tension, retains YAP in the 

cytoplasm and may favor other lineages.72 YAP/TAZ functions as a mechanosensor, 

integrating signals from integrins and the cytoskeleton to modulate cell fate. The 

ECM can dictate stem cell behavior through mechanical means (such as elasticity 

and viscoelasticity) and biochemical means (such as bound growth factors). 

Significantly, cells continuously remodel the ECM. Enzymes such as matrix 

metalloproteinases (MMPs) facilitate the degradation of ECM components, while 

enzymes like lysyl oxidase (LOX) crosslink collagen fibers, subsequently stiffening 

the matrix. Osteoclasts (which resorb matrix) and osteoblasts (which deposit new 

matrix) constantly turn over the bone ECM, enabling continual adaptation to 

mechanical loads. Furthermore, the ECM demonstrates viscoelastic behavior, 

allowing it to dissipate stress over time, a property important for accommodating 

physiological demands.73 Recent studies indicate that matrix viscoelasticity—the 

stress relaxation rate under constant strain—can influence stem cell differentiation. 

Matrices that allow tension to relax over a timeframe similar to that of cell 

contraction can paradoxically promote osteogenesis, even when their initial stiffness 

is low, because cells find it easier to remodel viscoelastic matrices, leading to the 

formation of their pericellular matrix and the buildup of tension. Conversely, a 

purely elastic matrix might "lock in" tension, inhibiting adaptive responses. By 

permitting time-dependent deformation, viscoelastic ECMs provide mechanical 
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cues that closely mimic natural tissue characteristics and can enhance regenerative 

outcomes.74–76 

 

 
The extracellular matrix (ECM) and cell interactions. The ECM is a 3D network of collagens, elastin, 

fibronectin, laminin, proteoglycans, and glycosaminoglycans that provides both structural integrity 

and biochemical cues. Integrins connect ECM ligands to the cytoskeleton, forming focal adhesions 

that activate mechanotransduction pathways (FAK, Rho GTPases, YAP/TAZ, RUNX2) to regulate cell 

fate. Continuous ECM remodeling and viscoelastic properties enable adaptation to mechanical 

demands and support tissue regeneration.77 

Cellular grafts: 

One general approach in tissue engineering is to implant living cells with a matrix, 

effectively delivering a cellularized graft that can actively participate in 

regeneration. These cellular matrices typically consist of a scaffold in which cells 

are embedded or grown, enabling them to secrete their ECM in situ. The presence 

of living cells imparts dynamic, responsive properties to these matrices, which 

purely acellular materials lack. For instance, cells within the graft can remodel the 

matrix over time; they produce enzymes to reorganize or degrade the scaffold and 

synthesize new matrix components, adapting the material’s properties to the host 

environment. 78,79  Cells also secrete various cytokines and growth factors that can 

stimulate host tissue repair. An MSC-laden scaffold, for example, might release 

VEGF to enhance blood vessel formation or BMPs to recruit host osteoprogenitors. 

Cellular grafts function as "mini-bioreactors" that modulate the local biological 

environment to favor healing. 
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One illustrative strategy involves utilizing principles from developmental 

engineering—guiding cells through lineage stages in vitro to prepare tissue primed 

for regeneration. Researchers have differentiated MSCs on 3D scaffolds into 

hypertrophic cartilage tissue, mimicking the embryonic precursor of bone. These 

engineered cartilage grafts can undergo endochondral ossification subcutaneously, 

forming new bone through a process similar to natural healing.80,81  Studies have 

demonstrated that such hypertrophic cartilage templates encourage host blood 

vessel invasion and facilitate the formation of bone marrow elements, effectively 

catalyzing bone regeneration.82 In one study, human MSC-derived cartilage rods 

implanted in a bone defect induced robust vascularized bone, leveraging the body’s 

inherent ability to remodel cartilage into bone—a strategy termed endochondral 

bone tissue engineering. Likewise, co-culture systems have been developed to 

replicate the bone marrow niche, where stromal cells and early osteoblasts are 

grown together under dynamic flow conditions, producing a living matrix that 

retains hematopoietic stem cells and supports blood formation. 

However, despite their conceptual strengths, cellular grafts pose several practical 

challenges. Culturing functional bone-like tissue in vitro requires considerable time, 

often weeks, during which cells must deposit a sufficient matrix. Extended culture 

durations in bioreactors result in high manufacturing costs and increased 

complexity. Moreover, maintaining cell viability in large 3D constructs is 

challenging due to diffusion constraints; cells in the interior may not receive 

adequate oxygen or nutrients if the constructs are excessively thick. Even with 

perfusion bioreactors, gradients can still develop, resulting in zones that may 

become hypoxic or accumulate waste, which can lead to inconsistent tissue 

quality.83  Large-scale cell-based production also faces challenges related to batch-

to-batch variability, as cells from different donors may exhibit inconsistent 

behavior, which can affect outcomes. Safety is a critical concern; the graft’s cells 

may be immunogenic (potentially provoking a host immune response if they are 

allogeneic) or carry a tumorigenic risk if they proliferate uncontrollably. 

Furthermore, the cryopreservation of living grafts presents complications, as 

freezing and thawing can compromise cell viability and function, significantly 

limiting shelf life. Achieving truly off-the-shelf use would necessitate banking 

living constructs in ways that preserve their viability, a challenge that remains 

unresolved.84  

Acellular Matrices: 

To circumvent the difficulties associated with live-cell grafts, scientists have 

developed acellular matrices that can induce regeneration by leveraging the 

architecture and composition of the ECM alone. The idea is to provide the right 

scaffold, with all the structural and biochemical cues of native ECM, and allow the 

patient’s cells to repopulate and remodel it. Acellular approaches eliminate concerns 
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about graft-versus-host immune reactions linked to living cells, and they are 

generally easier to sterilize, package, and store. 

There are three main categories of acellular biomaterial scaffolds: (1) native ECMs, 

which retain their biological properties; (2) synthetic ECMs, engineered to mimic 

the properties of natural ECMs; and (3) engineered ECMs, which involve the use 

of ECMs produced by cultured cells. 

Native Extracellular Matrices (nECMs) are derived through the decellularization 

of animal or human tissues, a process designed to remove immunogenic cellular 

components while preserving native ECM architecture and bioactivity. This is 

typically achieved using combinations of detergents, enzymes, and physical 

disruption methods.85 The resulting scaffold retains the original tissue's three-

dimensional structural and compositional features; for instance, decellularized bone 

preserves its mineralized collagen matrix, while cartilage and vascular tissues retain 

their type II collagen and elastin-rich architectures, respectively. 

Notably, many bioactive signaling molecules—such as TGF-β, BMPs, and VEGF—

remain embedded within the matrix, often bound to collagen or heparan sulfate-rich 

domains. This retained bioactivity enables nECMs to promote cell adhesion, 

migration, and differentiation.86,87 While materials like demineralized bone matrix 

(DBM) are clinically employed for their osteoinductive potential, basement 

membrane extracts such as Matrigel are commonly used in preclinical studies to 

promote angiogenesis and tissue development.86,88  

Despite their therapeutic promise, nECMs face several limitations. Donor-to-donor 

variability introduces significant inconsistencies in biochemical composition, 

mechanical properties, and growth factor content, which can negatively impact 

reproducibility and clinical performance. Moreover, harsh decellularization 

protocols may damage ECM ultrastructure, disrupt collagen integrity, or lead to the 

loss of essential components such as glycosaminoglycans.85 Incomplete removal of 

cellular remnants may also provoke immune responses, necessitating further 

sterilization steps that can compromise matrix quality. Thus, ensuring the balance 

between immunological safety and preservation of native biofunctionality remains 

a central challenge in developing reliable nECM-based scaffolds. 87,89  

Synthetic Extracellular Matrices (sECMs) offer a modular and tunable alternative 

to native scaffolds, enabling precise control over biochemical and biophysical 

properties. These matrices are primarily composed of biocompatible polymers such 

as poly(ethylene glycol) (PEG), poly(lactic acid) (PLA), poly(glycolic acid) (PGA), 

and their copolymers (e.g., PLGA), as well as functionalized natural polymers like 

gelatin methacrylate (GelMA).90 Unlike native ECMs, sECMs are synthesized de 

novo, allowing batch-to-batch consistency and the ability to systematically 

modulate variables such as stiffness, porosity, degradation kinetics, and ligand 

presentation.91  
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Crosslinked polymer networks, often fabricated via photopolymerization, can be 

engineered with mesh sizes on the order of tens to hundreds of nanometers and 

elastic moduli ranging from soft (~100 Pa) to stiff (~10 kPa), closely matching target 

tissue mechanics.92 Degradation profiles are similarly customizable, with 

hydrolytically or enzymatically cleavable linkers enabling scaffold lifespans from 

days to months.93  

Beyond mechanical tunability, sECMs can be biofunctionalized to present specific 

biochemical cues. Short peptide ligands, such as RGD (derived from fibronectin) or 

IKVAV (Ile-Lys-Val-ala-Val) (from laminin), are commonly grafted to enhance 

cell adhesion. At the same time, incorporating heparin-mimetic molecules allows 

sequestration and controlled release of growth factors.94  For instance, BMP-2 can 

be embedded in sECM hydrogels at therapeutic doses, achieving sustained release 

with a defined half-life—this approach mitigates burst release and enhances 

localized efficacy.95  

These features make sECMs valuable platforms for regenerative applications and 

mechanistic studies of cell-matrix interactions. Their compositional precision 

enables the isolation of individual parameters, such as stiffness or ligand density, 

thereby facilitating studies on cell behavior in highly controlled environments. 96  

Nevertheless, sECMs face inherent limitations. Despite their modularity, they lack 

the biochemical complexity of native ECMs. While individual ligands such as RGD 

can be presented, synthetic matrices do not replicate the full repertoire of bone-

specific components such as osteopontin, bone sialoprotein, or tenascin-C. 

Moreover, ligand distribution is typically homogeneous, unlike the nanoscale 

clustering observed in native matrices, which critically influences integrin binding 

and downstream signaling.97  Additionally, many synthetic polymers are not 

inherently degradable by cell-secreted enzymes unless specifically designed with 

protease-cleavable sequences, which can hinder matrix remodeling and cell 

migration.98  

As the field progresses, strategies to bridge this biofunctionality gap, such as 

incorporating hierarchical ligand patterning and dynamic, cell-responsive 

degradation, are expected to enhance the fidelity of sECMs in mimicking the native 

extracellular environment.90,91  

Engineered Extracellular Matrices (eECMs) represent an integrative approach 

that combines the biological fidelity of native ECMs with the tunability and 

reproducibility of synthetic scaffolds. These matrices are generated by culturing 

cells, typically stromal or progenitor cells, in vitro under defined conditions to 

deposit tissue-specific ECMs. Once a sufficient matrix is formed, the cells are 

removed through controlled devitalization, yielding an acellular scaffold that retains 

the spatial organization and biochemical complexity conferred by cellular 

assembly.99 This strategy addresses several limitations inherent in both native and 

synthetic ECMs. Unlike decellularized native tissues, suffering donor variability 
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and potential immunogenic remnants, eECMs can be fabricated in standardized 

bioreactor settings using well-characterized cell sources, improving reproducibility 

and safety.100,101  

Because the eECM is cell-derived, it captures a richer array of matrix components—

including collagens, glycoproteins, proteoglycans, and matrix-bound signaling 

molecules—compared to most synthetic systems, which typically present only a 

limited variety of ligands or structural motifs. Significantly, eECMs benefit from 

the natural process of matrix organization executed by living cells, resulting in a 

physiologically relevant composition and microarchitecture. This includes fibrillar 

collagen alignment, hierarchical porosity, and the spatial patterning of adhesion 

cues—all of which are challenging to replicate using synthetic approaches.102  These 

attributes are critical for guiding host cell behavior, promoting vascularization, and 

facilitating tissue-specific remodeling upon implantation. 

 

 

Acellular matrix classifications. Acellular scaffolds are categorized as native ECMs (nECM), 

derived from decellularized tissues that retain natural biofunctionality; synthetic ECMs (sECM), 

polymer-based matrices with tunable mechanical and biochemical properties; and engineered ECMs 

(eECM), cell-derived constructs offering physiological complexity with greater reproducibility. Each 

approach balances advantages and limitations, reflecting a trade-off between bioactivity and 

standardization in regenerative applications. Illustrated with BioRender. 
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Moreover, the decellularization step can be finely tuned to preserve matrix integrity 

while minimizing immunogenic residues, thereby offering a middle ground between 

the complexity of native ECMs and the control inherent in synthetic scaffolds. The 

resulting constructs are shelf-stable, cell-free, and inherently instructive, making 

them attractive for off-the-shelf applications in regenerative medicine. By 

leveraging cellular machinery to build a complex matrix ex vivo and then removing 

the cells to ensure safety and scalability, engineered ECMs present a compelling 

solution to the challenges faced by first-generation biomaterials. Their ability to 

bridge biological relevance with design control positions them as a next-generation 

scaffold platform for tissue repair and regeneration. 103,104  

Immunogenicity in Tissue Repair and Scaffold Design 
Once implanted, any biomaterial or graft will interface with the host’s immune 

system. The immunogenicity of tissue-engineered constructs—the extent to which 

they provoke immune reactions—can significantly determine the success or failure 

of the regeneration effort.103,104 An ideal scaffold elicits a constructive, transient 

immune response that leads to healing, rather than chronic inflammation or 

rejection. Early events at the implant site, such as protein adsorption and immune 

cell recruitment, lay the groundwork for downstream outcomes, including 

vascularization and new tissue formation. Modern biomaterials development 

emphasizes immunomodulation, designing scaffolds not only for mechanical 

support but also to guide the host immune response toward an actively pro-

regenerative phenotype. 

The initial responders to any implant are cells of the innate immune system, 

particularly macrophages. These versatile cells range from pro-inflammatory “M1” 

phenotypes to pro-healing “M2” phenotypes. Upon implantation, blood-derived 

monocytes infiltrate and differentiate into macrophages on the scaffold surface. The 

presence of detrimental signals or residual debris, such as cell membrane fragments, 

DNA, or cytotoxic components, can induce macrophage polarization toward a pro-

inflammatory M1 phenotype, characterized by the secretion of cytokines such as 

tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β).105 M1 

macrophages are effective at pathogen defense and debris clearance, but if they 

persist too long, they can damage surrounding tissue and scaffolds, inhibiting 

regenerative processes. In contrast, M2 macrophages secrete anti-inflammatory 

cytokines (including IL-10 and TGF-β) and growth factors that promote tissue 

repair, angiogenesis, and matrix deposition. Successful healing often necessitates an 

initial M1 response (to clear inflammatory debris or infectious agents) that 

transitions promptly to an M2-dominated response of regeneration. Studies have 

indicated that the ratio of M2 to M1 macrophages within the first 1–2 weeks after 

implantation correlates with positive remodeling outcomes: a high M2:M1 ratio 

often predicts constructive remodeling of a scaffold and new tissue with organized 
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structure, whereas a high presence of M1 macrophages typically indicates a 

predisposition toward fibrotic encapsulation or chronic inflammation.106  

Well-prepared ECM-based biomaterials often promote a switch to M2 macrophages 

within 7–14 days post-implantation, while materials with harsh chemistry or 

residual antigens may lead to prolonged M1 activation. Various strategies are 

employed to tune the macrophage response. For example, properly decellularized 

ECM scaffolds can contain signaling molecules that promote macrophages toward 

an M2 phenotype when thoroughly cleansed of cell remnants.107 Researchers have 

incorporated specific immunomodulatory molecules into scaffolds, such as IL-4-

releasing microspheres or coatings with CD47 (an immune “do not eat me” signal), 

to bias macrophages toward a healing mode. The goal is to create a scenario where 

the material triggers a brief inflammatory response for cleanup, followed by a 

prompt transition into a regenerative environment. Macrophages play a central role 

in this process, as they orchestrate the involvement of other immune cells and 

progenitors. 

The adaptive immune system, particularly T cells, can influence scaffold outcomes. 

The host may mount a specific immune response if the scaffold carries foreign 

proteins (e.g., xenogeneic proteins in a decellularized matrix that have not been 

completely removed). Cytotoxic T cells can directly attack any residual living donor 

cells or secrete factors that exacerbate inflammation and potentially lead to implant 

rejection. Helper T cells come in subsets: Th1 cells support cell-mediated immune 

responses and can contribute to chronic inflammation, while Th2 cells assist B cells 

and are often linked with humoral immunity and fibrosis. An imbalance, such as a 

predominantly strong Th1 response, may perpetuate inflammation and impair 

healing. Conversely, regulatory T cells (Tregs) function as peacekeepers by 

dampening excessive immune reactions. They can suppress effector T cells and 

macrophages, facilitating immune tolerance of the implanted material. A healthy 

regenerative response often involves Tregs to temper the immune attack and 

promote constructive remodeling. Some studies have shown that depletion of Tregs 

results in poorer outcomes with biomaterial implants, while enhancing Tregs can 

improve integration by preventing overactive immune responses. 

To leverage this knowledge, scaffold designers are experimenting with methods to 

make materials more “immune-instructive.” This may entail surface modifications 

that reduce unwanted protein adsorption (thus minimizing immune cell activation) 

or incorporating ligands that engage immune cell receptors to steer them toward 

pro-healing phenotypes. Examples include grafting peptides that bind macrophage 

mannose receptors (which tend to induce an M2 response) or releasing IL-10 or 

other anti-inflammatory cytokines from a scaffold to mitigate inflammation locally. 

Another approach is to control the physical properties of the scaffold (such as pore 

size and fiber alignment), as studies have shown that larger pore scaffolds can 

facilitate greater M2 polarization compared to denser, small-pore scaffolds.108,109 

This effect is likely due to the influence of porosity on the foreign body reaction; if 
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cells can infiltrate without excessive isolation from the scaffold, the immune 

response is typically more favorable. 

 

Significance of immune cells during scaffold integration and tissue repair. Immune cells drive tissue 

regeneration following scaffold implantation, with neutrophils initiating debris clearance and 

monocytes differentiating into macrophages. The M1-to-M2 macrophage transition promotes ECM 

remodeling and angiogenesis, while T cells regulate immune responses and support scaffold 

integration. Illustrated with BioRender. 

Challenges in Clinical Translation 
While eECMs have emerged as a promising class of biomaterials for regenerative 

medicine, their clinical translation remains hindered by several unresolved 

challenges that span biological, technical, and regulatory domains. These challenges 

highlight the complexity of fabricating functional tissue surrogates and the 

opportunity to redefine how we design and deploy bioinstructive scaffolds. 

One of the most pressing obstacles is the scalable and reproducible production of 

eECMs. Current efforts often succeed on a laboratory scale but translating this 

success into manufacturing workflows that can reliably produce grafts of varying 

sizes—ranging from small dental plugs to long segmental bone substitutes—while 

holding collagen-to-Glycosaminoglycans ratios, mineral content, mechanical 

strength, sterility, and shelf-life within tight, regulator-defined tolerances across 

every batch is a significant engineering hurdle. Eliminating donor-to-donor 

variability, ensuring uniform nutrient delivery in centimeter-thick tissues, and 

preserving matrix integrity through devitalization, drying, and sterilization remain 

formidable challenges.92 Overcoming these obstacles would permit eECMs to be 
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realized as truly off-the-shelf, lot-consistent devices—unlocking standardized 

logistics, reducing costs, and enhancing patient access to advanced therapies. 

Another frontier is the achievement of programmable intrinsic bioactivity within 

these engineered matrices. Current grafts often rely on bolus delivery of exogenous 

growth factors such as recombinant BMP-2—a strategy that risks 

supraphysiological dosing, ectopic bone formation, and unpredictable 

pharmacokinetics. The vision is to create an engineered matrix that autonomously 

generates and retains bioactive cues during matrix deposition—scaffolds that 

release signaling molecules physiologically relevant, spatially controlled, and 

temporally sustained. Realizing such intrinsic functionality would eliminate the 

need for post-fabrication factor loading, simplifying clinical implementation and 

closely emulating native healing environments.110  

Building on this, the prospect of exquisitely tailoring matrix composition using 

genetic manipulation of the matrix-producing cells offers a paradigm shift in 

scaffold design. If the biological properties of an ECM could be programmed at the 

cellular level—by modulating the expression of key structural or signaling 

proteins—the result would be a new class of "custom-designed" matrices created 

for specific applications. The integration of genome editing tools, such as 

CRISPR/Cas9, with advanced biofabrication platforms like 3D bioprinting holds the 

potential to engineer matrices that are both compositionally and spatially optimized. 
111  

However, the ability to predictably design and manufacture such engineered 

matrices remains largely aspirational and technically demanding. Furthermore, a 

major translational bottleneck lies in the unpredictability of host immune responses 

to implanted matrices. Even acellular scaffolds can provoke divergent outcomes 

depending on patient age, comorbidities, and subtle compositional differences.112 A 

persistent challenge is understanding—and ultimately anticipating—how an 

eECM’s molecular signature shapes macrophage polarization, vascular ingrowth, 

and bone remodeling. Developing robust in vitro or silico indices that forecast in 

vivo performance would transform quality control and clinical trial design, thereby 

mitigating late-stage failures and tailoring therapies to patient-specific immune 

profiles.113  
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Aims 
 

The primary goal of this thesis is to explore the transformative potential of 

engineered extracellular matrices (ECMs) and advanced tissue engineering 

strategies for regenerative medicine. The study examines how material properties, 

bioactive cues, and immune responses can be leveraged to optimize scaffold-based 

tissue regeneration, with a focus on clinical translation. The specific objectives are: 

1. To explore the incorporation of bioactive factors into scaffold-based 

systems to enhance regenerative outcomes 

This work examines how bioactive molecules, such as BMP-2/7, synergize 

with scaffold materials like collagen-hydroxyapatite composites to improve 

tissue healing and bone regeneration, addressing challenges in dosage 

optimization and therapeutic safety. (Paper I) 

2. To standardize the design and production of scalable, non-cellular grafts 

for predictable and reproducible tissue regeneration 

By engineering human hypertrophic cartilage as a devitalized scaffold 

material, this study aims to create grafts that serve as robust, off-the-shelf 

solutions, addressing challenges in variability, scalability, and clinical 

readiness in tissue engineering. (Paper II) 

3. To advance the precision engineering of extracellular matrices through 

molecular modulation 

Utilizing CRISPR/Cas9 technology, this objective focuses on tailoring the 

molecular composition of ECMs to enhance their bioactivity, elucidate key 

factors driving endogenous repair, and ensure the stability and safety of 

such modifications in pre-clinical contexts. (Paper III) 

4. To optimize scaffold immunogenicity and assess immune interactions in 

diverse transplantation environments 

This study investigates the impact of decellularization on ECM integrity 

and immunogenicity, exploring how decellularized grafts perform in 

immunodeficient and immunocompetent models. It highlights the role of 

immune regulation in tissue regeneration. (Paper IV) 

5. To evaluate the regenerative and immunological potential of biomaterials 

derived from different organs and their integration into advanced 

fabrication technologies 

This objective examines early immune recruitment patterns and their 

correlation with regenerative outcomes across biomaterials derived from 

different organs. (Paper V) 
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Key Results 

Paper I: Sustained delivery of a heterodimer bone morphogenetic 

protein-2/7 via a collagen hydroxyapatite scaffold accelerates and 

improves critical femoral defect healing 

This study shows that a heterodimeric bone morphogenetic protein-2/7  (BMP-2/7), 

encapsulated in a collagen hydroxyapatite (CHA)  scaffold, significantly increases 

bone regeneration at lower doses than BMP-2 alone. This study aimed to investigate 

whether the combination of BMP-2/7 could enhance osteoinductivity while 

reducing the dose of the treatment and side effects. CHA scaffold was used because 

it can hold proteins and release them at the implantation site at a controlled rate.  

To detail the cellular processes involved in bone formation by BMP-2/7, CHA 

scaffolds loaded with BMP-2/7 were examined for their ability to attract progenitor 

cells as an early sign of cellular response. Progenitor cell populations that could 

differentiate into three lineages were identified by established markers (PDGFR-α+,  

SCA-1+, CD-31−, and CD-45−), and an intermediate  BMP-2/7 dose of 0.5 µg was 

chosen based on dose optimization experiments.  Flow cytometry showed that 

loading with BMP-2/7 significantly increased the number of progenitor cells at the 

implantation site at day 10 compared with BMP-2. Histological analyses  (Safranin 

O/Fast Green and hematoxylin and eosin staining) revealed that scaffolds loaded 

with BMP-2/7 supported the formation of more cartilage and bone at 10 days 

postimplantation, with higher GAG and hydroxyproline content also characterized 

in the formed tissue. However, there was no difference in the density of these ECM 

components. 

Gene expression analysis of the transcriptomes of BMP-2/7-loaded CHA scaffolds 

extended previous findings that suggested that the expression of several genes 

involved in bone formation was increased, consistent with the histological data. In 

addition, release kinetics experiments showed that both BMP-2/7 and  BMP-2 were 

released from the CHA scaffold sustainably, which further supports the use of this 

scaffold for growth factor delivery. 

These findings are significant for the development of BMP-2/7 in bone tissue 

engineering, allowing for the creation of new growth factor-based therapies with 

reduced systemic side effects for critical bone defects. The results also conclude that 

the early recruitment of specific cell populations to the implantation site, although 

not an absolute predictor, is a valuable indicator of the final regenerative outcome 

(Paper IV). This insight highlights the broader potential of early cellular events to 

provide meaningful predictions in various regenerative contexts.  
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Cellular, histological, and biochemical characterization of the neo-tissue formed after 10 days of 

BMP-2 (0.5 µg) or BMP-2/7 (0.5 µg) treated CHA scaffold implantation in the abdominal muscle 

pouch of rats was performed in a biologically paired experimental setup. (A) Flow cytometry-based 

characterization of progenitor cell homing in the BMP-2 (top) and BMP-2/7 (middle) treated CHA 

scaffolds (n=7). The representative scatter plots and the gating indicate PDGFR-α+, SCA-1+, CD-31−, 

and CD-45− progenitor cell homing in the respective growth factor-treated scaffold. The bottom panel 

in A indicates a pairwise comparison of the % of progenitor cells (out of total cells analyzed) homed 

in BMP-2 vs. BMP-2/7 treated CHA scaffolds. Inset in A, the bottom represents the mean ± SD of the 

same data. (B) Histological characterization of the neo-tissue formed after implanting CHA+BMP-2 

or CHA+-BMP-2/7 treated scaffolds using Safranin O/Fast green (top) and hematoxylin and eosin 

(bottom) (n=2). In the histology images, C indicates tissue regions with chondrocytes; B indicates 

regions with bone matrix; dashed black indicates regions with prominent cartilage (top) and bone 

(bottom) tissue. (C) Biochemical characterization of the neo-tissue matrix using Alcian blue assay for 

colorimetric glycosaminoglycan (GAG) quantification: top indicates three representative samples 

from each group; middle: total GAG/tissue (n=8); bottom: hydroxyproline assay for collagen 

quantification (n=8) 

 

 

 

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/chondrocyte
https://www.sciencedirect.com/topics/medicine-and-dentistry/alcian-blue
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Paper II: Manufacturing of Human Tissues as Off-the-shelf Grafts 

Programmed to Induce Regeneration 

This study addresses the limitations of current bone grafting methods, including the 

variability of autologous grafts and the safety concerns associated with 

supraphysiological BMP-2 delivery, by developing a scalable, off-the-shelf 

osteoinductive graft that mimics endochondral ossification. The strategy centers on 

a genetically engineered, immortalized human mesenchymal stromal cell line 

(MSOD-B), which constitutively expresses bone morphogenetic protein-2 (BMP-

2), enabling the formation of robust hypertrophic cartilage (HyC) enriched in 

osteoinductive extracellular matrix (ECM) cues. 

Initially, MSOD cells were created by transducing primary hBM-MSCs with 

hTERT and an inducible caspase-9 (iCasp9) suicide gene. These cells were then 

further modified to express BMP-2, resulting in the MSOD-B line. This line retained 

the mesenchymal phenotype (CD29⁺, CD90⁺, CD146⁺, CD73⁺, CD34⁻, CD45⁻), 

exhibited improved osteogenic and chondrogenic differentiation potential, and 

secreted physiologically relevant levels of BMP-2. Under 3D culture conditions, 

MSOD-B cells generated cartilage with hypertrophic features, including type II and 

X collagen and glycosaminoglycans, although with slightly lower Bern scores than 

primary MSCs, but with markedly higher BMP-2 content (~40 ng per construct). 

Upon ectopic implantation, MSOD-B-derived HyC remodeled efficiently into bone 

and marrow tissue, surpassing living HyC derived from highly chondrogenic hBM-

MSCs in speed and ossicle maturity. Importantly, BMP-Smad1/5/9 signaling was 

found essential for MSOD-B chondrogenesis; inhibition of this pathway abrogated 

cartilage formation, despite unaltered BMP-2 secretion and active TGFβ-Smad2/3 

signaling. 

To create a devitalized, cell-free ECM, apoptosis was induced using iCasp9 

activation. The resulting tissues retained their structure and composition, 

undergoing complete endochondral ossification in vivo. Devitalized MSOD-B HyC 

outperformed both devitalized MSOD HyC and BMP-2-loaded synthetic materials 

(PEG or Infuse) even when the latter contained 10- to 100-fold higher BMP-2 doses. 

Bone formation was shown to correlate with cartilage maturity (Bern score and 

GAG content), but not BMP-2 concentration, emphasizing the instructive role of 

ECM composition rather than BMP-2 dose. 
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Devitalization and lyophilization of MSOD-B cartilage result in an off-the-shelf graft material with 

preserved composition and bone formation capacity. (A). Generation of mesenchymal cell lines by 

genetic engineering of primary human bone marrow-derived mesenchymal stromal cells (hBM-MSCs) 

from a single donor (BM196). Immortalization and death-inducibility were conferred by human 

telomerase reverse transcriptase (hTERT) and inducible caspase 9 (iCaspase) expression, 

respectively, leading to the MSOD (M) line. The MSOD-B (MB) cell line resulted from the subsequent 

implementation of constitutive bone morphogenetic protein-2 (BMP-2) expression. (B)  Cartilage 

tissues were engineered by the chondrogenic culture of MSOD-B (MB) (Living group), subsequently 

devitalized by apoptosis induction (Devitalized), and further lyophilized (Lyophilized) through a 

freeze-drying process. The impact of the devitalization and lyophilization processes was analyzed 

using mass spectrometry and functional in vivo implantation. (C)  The devitalization and lyophilization 

did not affect the bone formation capacity of MB cartilage tissues, as assessed by histological (Saf-O, 

Collagen type II) and µCT analysis of in vitro and subcutaneously implanted grafts. Scale bars = 

100 µm. Bone volume (BV) as a percentage of total volume (TV) (n = 6) and ossicle maturity scoring 

(n = 6) were analyzed from in vivo implanted tissues. The graphs represent mean + SD—statistical 

analysis based on two-tailed unpaired t-tests.  

a 

b 

c 
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For long-term storage and off-the-shelf use, the devitalized HyC was lyophilized. 

Proteomic analysis confirmed the preservation of key ECM proteins post-

devitalization and lyophilization, including type II collagen, aggrecan, COMP, 

BMP-2, and TGFBI. Over 77% of identified proteins were common across living, 

devitalized, and lyophilized groups. Lyophilized tissues retained their 

osteoinductive potential after >3 months of storage at 4°C and successfully 

remodeled into mature bone and marrow upon implantation. 

To enable scalable manufacturing, a custom perfusion bioreactor was employed to 

generate cartilage discs (25 mm diameter) with a 20-fold increase in volume 

compared to static cultures. These bioreactor-engineered grafts exhibited equivalent 

ECM quality (histology, Bern score) and maintained osteoinductive performance 

when implanted subcutaneously in mice. 

The therapeutic potential of the engineered HyC was validated in a critical-sized rat 

mandibular defect model. When used in combination with SmartBone, a clinically 

approved scaffold, the lyophilized HyC enhanced new bone formation and 

osteointegration within the defect site. Notably, SmartBone alone failed to induce 

comparable levels of bone formation or integration, demonstrating the synergistic 

effect of the ECM component. 
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Paper III: Compositional editing of extracellular matrices by 

CRISPR/Cas9 engineering of human mesenchymal stem cell lines 

This study aims to investigate the use of CRISPR/Cas9 in modifying ECM produced 

by human MSCs by focusing on VEGF and RUNX2 genes to understand their 

function in cartilage and bone formation. These findings demonstrate how these 

genetic modifications affect angiogenesis, cartilage repair, and bone remodeling, 

highlighting how our approach can be harnessed to identify the essential eECM 

factors driving endogenous repair. 

The first set of outcomes centered on VEGF, a positive regulator of angiogenesis 

and endochondral ossification. CRISPR/Cas9 was used to introduce frameshift 

mutations in exon 1 of VEGFA in MSOD‐B, yielding two VEGFA‐knockout clones 

(MSOD‐BΔV1 and MSOD‐BΔV2). Knockout was confirmed by sequencing and by 

ELISA on pellet‐culture supernatants, which revealed near‐zero VEGFA secretion. 

After in vitro differentiation, safranin-O staining and Blyscan assays showed that 

VEGFA-knockout constructs accumulated glycosaminoglycans (GAGs) equivalent 

to unedited controls, showing that the VEGF editing did not affect the cartilage-

forming capacity. Immunofluorescence for collagen II (COL2A1) and collagen X 

(COL10A1) confirmed that hypertrophic maturation proceeded normally in the 

absence of VEGFA. 

To assess angiogenic potential, devitalized, lyophilized cartilage pellets were 

implanted on the chick chorioallantoic membrane (CAM) for 4 days. Quantification 

of CD31⁺ vessel density via Q-VAT image analysis showed a ~60 % reduction in 

vessel ingrowth around VEGFA-knockout tissues compared to controls. In parallel, 

2-week subcutaneous implants in immunodeficient mice were sectioned, stained for 

CD31, and quantified by isosurface reconstructions in Imaris; VEGFA-knockout 

grafts displayed significantly fewer vessels per tissue volume (0.23 μm³ vs. 0.52 

μm³ in controls). 

Despite reduced early vascularization, 6-week subcutaneous implants underwent 

complete endochondral remodeling. MicroCT (µCT) quantification of bone volume 

over tissue volume (BV/TV) revealed no statistical difference (17 % vs. 16 %). 

Histology (Masson’s trichrome, Safranin-O) confirmed mature cortical and 

trabecular bone with marrow compartments in both VEGFA-knockout and unedited 

constructs. These data demonstrate that VEGFA, while enhancing early 

angiogenesis, is dispensable for complete endochondral ossification. 
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CRISPR/Cas9 edited VEGF knockout cartilage tissues retain cartilage forming and bone 

remodeling capacity despite reduced early-stage vascularization. A) Experimental scheme depicting 

the generation of CRISPR/Cas9-edited MSOD-B lines, and the subsequent in vitro and in vivo tissue 

formation assessment. B) ELISA-based quantitative assessment of VEGF protein in in vitro 

differentiated constructs, post-lyophilization. Unpaired t-test, n = 3-4 biological replicates, ****p < 

0.0001. C) Immunofluorescence images of MSOD-B and MSOD-BV1 tissues two weeks post-in vivo 

implantation. Displayed images consist of 3D stacks from 80-100 µm thick sections, vessels stained 

with mouse CD31 (red), and nuclei with DAPI (cyan) (Scale bars at 500 µm except for magnified white 

inserts at 80 µm). Box “a” and “c” display the periphery, whereas Box “b” and “d” show the central 

region of MSOD-B and MSOD-BV1 constructs, respectively. A reduction in tissue vascularization is 

observed in MSOD-BV1 samples. D) Histological analysis of in vivo tissues using Safranin O and 

Masson’s trichrome stains at two (2W) and six weeks (6W) post-implantation. Both sample types 

underwent complete remodeling into a bone organ after 6 weeks, with bone structures and a bone 

marrow compartment (Scale bars = 200 µm). CB – cortical bone; BM – bone marrow. TB – trabecular 

bone e)Microtomography-based quantification of the sample’s bone/ mineralized volume over their 

total volume (ratio). No significant differences between MSOD-B and MSOD-BV1 could be observed. 

(BV: Bone Volume, TV: Total Volume). Ordinary One-way ANOVA, n=8 biological replicates, n.s. = 

not significant). 
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The second set of results looked at the function of RUNX2, a transcription factor 

required for chondrocyte hypertrophy and osteogenesis.  CRISPR/Cas9 targeting of 

RUNX2 exon 6 produced two knockout clones (MSOD‐BΔR1 and MSOD‐BΔR2). 

The genetic modification was verified by Sanger sequencing. Intracellular flow 

cytometry showed reduced RUNX2 expression, and western blot analysis 

confirmed successful editing by detecting a truncated RUNX2 protein. After 3 

weeks of in vitro chondrogenic differentiation, GAG quantification (Blyscan) was 

comparable to MSOD‐B, and COL2 immunostaining was uniform across all groups. 

However, COLX levels—assessed by immunofluorescence and quantified in 

Imaris—were reduced by ~70 % in RUNX2‐knockout pellets, indicating failure of 

hypertrophic maturation and mineralization. Quantitative RT-PCR showed 

downregulation of COL10A1 and alkaline phosphatase (ALPL) transcripts in 

MSOD-BΔR clones. At the same time, COL1A1 (collagen I) expression was 

upregulated, indicating arrested hypertrophic maturation and a shift toward a more 

cartilage-like matrix. 

For in vivo remodeling, devitalized, lyophilized RUNX2-knockout and control 

constructs were implanted subcutaneously into immunodeficient mice. After 6 

weeks, µCT scans revealed a marked decrease in BV/TV in RUNX2-knockout 

implants (4.3 % vs. 20.0 %). Histology (Masson’s trichrome, Safranin-O) showed 

immature bone islands and extensive fibrotic tissue in RUNX2-knockout grafts, 

whereas unedited constructs displayed well-organized cortical and trabecular bone 

with marrow. These results suggest that while cartilage formation proceeds in the 

absence of RUNX2, its presence is essential for hypertrophic progression and the 

eventual transition to bone. 
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RUNX2 knockout in cartilage tissues retains cartilage forming capacity but disrupts hypertrophy 

and effective ectopic bone formation. A)  Intracellular flow cytometry for RUNX2 detection in MSOD-

B and RUNX2-edited clones. An apparent protein reduction could be observed in the 6.1_1 and 6.1_23 

clones. b) Western blot analysis of RUNX2 in cultured MSOD-B and RUNX2-edited cells. The 

detection of the truncated proteins confirms the genetic editing of RUNX2. Actin is used as a control 

to normalize the protein content. c) Quantitative PCR analysis displaying the relative expression levels 

of osteogenesis-related genes: RUNX2, COL1, and ALPL. The expression is normalized to GAPDH as 

a housekeeping gene. n.d= not detected. d) Histological analysis of in vivo constructs using Safranin 

O and Masson’s trichrome stains. After two weeks (2W), a higher bone formation is already evident 

in the MSOD-B control group. The MSOD-BR1 samples explanted after 6 weeks (6W) displayed the 

presence of cortical and trabecular bone and a significant amount of fibrous tissue, indicating an 

incomplete remodeling. (Scale bars = 200  µm). e) Microtomography-based quantification of the 

sample’s bone/mineralized volume over their total volume (ratio). (BV: Bone Volume, TV: Total 

Volume). A marked difference is observed as early as two weeks, with lower mineral content in MSOD-

BR1 samples. Ordinary one-way ANOVA, n=3 biological replicates, *p < 0.05, ***p < 0.001.  
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RUNX2 knockout in cartilage tissues leads to better cartilage regeneration and maintenance in 

osteochondral defects in rats. A) Experimental scheme for the regenerative potential assessment of 

MSOD-B & MSOD-BR1 cartilage tissues in a rat osteochondral defect. B) Histological analysis of 

the osteochondral defects for each group using H&E and Masson’s trichrome stains at three weeks 

post-implantation. The dashed line marks the defective area. (Scale bars = 500 µm) C) Histological 

analysis of the osteochondral defects using TRAP staining, reporting osteoclastic activity at three 

weeks post-implantation. The dashed line marks the defective area. (Scale bars = 500 µm and 100 µm 

for magnified areas) D) Microtomography-based quantification of the sample’s total bone/mineralized 

volume normalized to the healthy control in percentage. Unpaired t-test, n=3 biological replicates, 

n.s. = not significant. = not significant. E) Image J-based quantification of Trabecular separation 

(Tb.Sp). One-way ANOVA test, n=3 biological replicates, *p < 0.05  F). Histological analysis of the 

osteochondral defects using Safranin O staining. After three weeks, a higher regeneration of the 
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surface cartilage is evident in the MSOD-BR1 group (a,b,c) (Scale bars = 500 µm and 100 µm for 

magnified areas). The magnified regions of the subchondral area (d,e,f) show higher cartilage 

remnants and integration in the MSOD-BR1 group. G) Quantitative analysis of cartilage 

regeneration in the osteochondral surface compared to the healthy control (100%). Unpaired t-test, 

n=3 biological replicates, *p < 0.05.   

 

To evaluate the regenerative capacity of the eECMs in an orthotopic setting, MSOD-

B and RUNX2-knockout MSOD-BΔR1 constructs were implanted into 

osteochondral defects in the femoral condyle of immunodeficient rats. Histological 

analyses (H&E and Masson’s trichrome) and micro-CT imaging performed at the 

study endpoint revealed de novo bone formation in both groups. However, 

incomplete remodeling was indicated by persistent fibrotic tissue and reduced 

marrow compartment. Tartrate-resistant acid phosphatase (TRAP) staining revealed 

elevated osteoclastic activity in MSOD-B implants relative to MSOD-BΔR1, 

suggesting reduced bone turnover in the knockout group. Micro-CT quantification 

showed comparable bone repair in both groups, covering approximately 30% of the 

defect area. Trabecular separation was elevated in both groups, consistent with 

ongoing remodeling, while trabecular thickness remained statistically unchanged. 

Despite similar bone outcomes, cartilage regeneration was markedly different. 

Safranin O staining revealed minimal chondral repair in MSOD-B grafts, whereas 

MSOD-BΔR1 constructs promoted robust cartilage regeneration, accounting for 

20.67% of the condyle surface, compared to only 1.05% in MSOD-B implants. 

Enhanced glycosaminoglycan retention and better tissue integration were observed 

in MSOD-BΔR1 sections. A semiquantitative histological scoring system was 

applied to assess tissue morphology, matrix quality, integration, and surface 

regularity. MSOD-BΔR1 outperformed MSOD-B across all parameters, with higher 

scores in cellular morphology (66% vs. 33%), matrix staining (50% vs. 16%), 

cartilage thickness (33.3% vs. 8.3%), subchondral bone formation (25% vs. 16.6%), 

surface regularity (41% vs. 50%), and integration with host tissue (50% vs. 33%). 

These findings demonstrate that deleting RUNX2 shifts the regenerative outcome 

from bone formation toward cartilage preservation within an osteochondral lesion. 
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Paper IV: Engineered human cartilage matrix exhibits potent 

immunoregulatory properties while promoting complete femoral 

restoration in pre-clinical models 

This study investigates the development and therapeutic potential of decellularized 

hypertrophic cartilage (D-HyC) grafts derived from engineered human 

mesenchymal stromal cells as standardized, off-the-shelf biomaterials for bone 

repair. An optimized decellularization protocol was established to preserve the 

structural and bioactive features of the engineered tissue. The osteoinductive 

capacity and immunogenic profile of D-HyC were systematically evaluated using 

ectopic implantation in both immunodeficient and immunocompetent mouse 

models, as well as in vitro co-culture assays with allogeneic human antigen-

presenting cells. Finally, D-HyC grafts were tested as a callus substitute in a critical-

sized femoral defect model. The results demonstrate that D-HyC retains potent 

osteoinductive properties, elicits minimal immune activation, and supports robust 

bone regeneration, underscoring its promise for clinical translation as a safe and 

effective acellular bone graft. 

To generate decellularized grafts, Multiple decellularization protocols were 

assessed for their ability to efficiently remove DNA while preserving the ECM. 

Among them, one protocol emerged as optimal, achieving greater than 99.7% DNA 

removal, with residual DNA levels reduced to 0.039 µg/mg dry weight, compared 

to 13.4 µg/mg in non-decellularized controls (L-HyC). Decellularized samples 

displayed increased surface porosity and exposure of fibrillar matrix structures, as 

confirmed by scanning electron microscopy, while histological analyses revealed 

partial preservation of ECM components, including glycosaminoglycans (GAGs), 

collagen type II, and collagen type X. Quantitative assays indicated a 12% loss in 

GAG content but complete retention of BMP-2 and collagen levels, demonstrating 

minimal impact on the matrix's functional composition. 

The osteoinductive capacity of D-HyC was evaluated in immunodeficient (ID) mice 

via ectopic implantation. By 6 and 12 weeks, histological and micro-CT analyses 

revealed that L-HyC and D-HyC constructs remodeled into mature bone tissue, 

including cortical and marrow compartments. Early remodeling stages showed 

dense cellular colonization and matrix deposition, confirmed by Safranin-O and 

Masson’s trichrome staining. Quantitative micro-CT analysis revealed comparable 

bone volume (BV) and bone volume relative to tissue volume (BV/TV) between L-

HyC and D-HyC grafts, with D-HyC exhibiting a thicker cortical bone layer at 

earlier times. These findings demonstrate that decellularization does not impair the 

graft’s capacity to support robust endochondral ossification in ID models. 

In contrast, immunocompetent (IC) mice exhibited limited L-HyC and D-HyC graft 

remodeling. While D-HyC constructs showed increased vascularization and reduced 
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degradation compared to L-HyC, neither group achieved significant mineralization 

or complete bone formation. TRAP staining confirmed the absence of osteoclastic 

activity, and histological analyses indicated that L-HyC grafts were primarily 

surrounded by fibrotic tissue with minimal vascularization. Small areas of 

mineralization were detected in D-HyC samples, though these were insufficient for 

complete bone remodeling. These findings suggest that the immunocompetent 

environment imposes barriers to the full osteoinductive potential of engineered 

cartilage grafts. 

Immune profiling revealed differences in immune recruitment between graft types 

and animal models. In ID mice, total immune cell infiltration (CD45+ cells) was 

lower in D-HyC than L-HyC by day 7, though macrophages dominated the response 

in both groups. By day 10, macrophage polarization shifted from an initial pro-

inflammatory (M1) profile to a pro-regenerative (M2) phenotype in both L-HyC and 

D-HyC grafts, correlating with successful bone formation. In IC mice, macrophages 

dominated immune infiltration but remained predominantly unpolarized (M0) at 

later stages, with declining M1 and M2 activity. This lack of polarization likely 

contributed to the failure of bone formation in IC animals. 

In vitro assays were conducted using human macrophages, peripheral blood 

mononuclear cells (PBMCs), and dendritic cells (DCs) to further investigate 

immunogenicity. L-HyC and D-HyC grafts elicited minimal macrophage activation, 

with reduced M1 and M2 marker expression in D-HyC-treated macrophages. Co-

culture with PBMCs revealed low T-cell activation and proliferation, while DC 

maturation assays showed no significant immune stimulation. These findings 

confirm the low immunogenicity of decellularized cartilage grafts, underscoring 

their potential as immune-privileged materials for clinical use. 

The regenerative potential of D-HyC was validated in an orthotopic rat critical-sized 

femoral defect model. D-HyC grafts supported robust bone regeneration, achieving 

complete defect bridging by 12 weeks, as confirmed by micro-CT and histological 

analysis. Bone volume in the defect region was significantly higher in D-HyC-

treated rats than in empty controls, and regenerated bone exhibited organized 

cortical and trabecular structures. Biomechanical testing demonstrated that D-HyC-

treated defects achieved functional restoration with comparable stiffness to healthy 

controls. These results highlight the capacity of D-HyC to support structural and 

functional bone regeneration in clinically relevant scenarios. 
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Decellularized human cartilage grafts display lower immunogenicity but fail at inducing 

macrophage polarization in immunocompetent animals. A) Total cell number captured in 

explanted tissues after -3, 7-, and -10 days post-implantation. The graphs represent mean + standard 

deviation (SD), ns p > 0.1, determined by Two-way ANOVA. B) Total CD45+ cells captured by flow 

cytometry in explanted tissues after 3-, 7-, and 10-day periods, and 10-day post-implantation. C) From 

right to left, representative radar plots representing percentages of early time recruitment of B-cells, 

T-cells, Dendritic cells, Natural Killers, and Macrophages captured in explanted tissues after -3, -7, 

and -10 days, respectively. D) Percentage of CD11b + and F4-80 + macrophage subtypes in L-HyC 

and D-HyC grafts explanted at 3-, 7-, and 10-days post-implantation, analyzed by flow cytometry. The 

graphs represent mean + standard deviation (SD), **p ≤ 0.01, determined by Two-way ANOVA. 
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Decellularized human cartilage grafts exhibit lower immune recruitment but preserved pro-

regenerative macrophage polarization capacity. A) Total cell number captured in explanted tissues 

after -3, 77 7, -7 7, and -10 10 days post-implantation. The graphs represent mean + standard deviation 

(SD), **p ≤ 0.01, determined by Two-way ANOVA. B) Total CD45+ cells captured by flow cytometry 

in explanted tissues after 3-, 7-, and 10-day, and 10-day post-implantation. C) From right to left, 

representative radar plots representing percentages of early time recruitment of B-cells, T-cells, 

Dendritic cells, Natural Killers, and Macrophages captured in explanted tissues after -3, -7, -7, -7, and 

-10 days, respectively. D Percentage of CD11b + and F4-80 + macrophage subtypes in L-HyC and D-

HyC grafts explanted at 3-, 7-, and 10-days post-implantation, analyzed by flow cytometry. Error bars: 

The graphs represent mean + standard deviation (SD), *p ≤ 0.1, determined by a two-tailed unpaired 

t-test. 
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Decellularized engineered cartilage grafts promote distinct macrophage polarization with minimal 

M1 activation. A) Experimental scheme of the direct effect of powdered L-HyC and D-HyC on 

macrophage polarization and indirect T-cell activation potential. B) From top to bottom, total CD80+ 

and CD86+ MFI indicate M1 polarization, and total CD163+ and CD206+ MFI indicate M2 

polarization after 5 days of co-culture with either L-HyC or D-HyC powdered cartilages. The graphs 

represent mean + standard deviation (SD), *p ≤ 0.1, **p ≤ 0.01, *** p ≤ 0.001, ****p ≤ 0.0001, 

determined by Ordinary one-way ANOVA,, **p ≤ 0.01, *** p ≤ 0.001, ****p ≤ 0.0001, determined by 

Ordinary one-way ANOVA. CD3+ FACS assessed percentage division after co-culture of 5 × 10^45 

× 10^4 CD3+ cells with 2.5 × 10^3 macrophages co-cultured with either L-HyC or D-HyC powdered 

cartilages. The graphs represent mean + standard deviation (SD), ****p ≤ 0.0001, determined by 

Ordinary one-way ANOVA 
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Paper V: Extracellular-Matrix-Reinforced Bioinks for 3D Bioprinting 

Human Tissue 

This study evaluated the immune and regenerative responses of hybrid bio-inks 

composed of alginate reinforced with decellularized lung ECM. These materials aim 

to address the limitations of conventional bioinks, such as poor gelation and limited 

biological activity, by combining the structural stability of alginate with the 

bioactivity of tissue-specific ECM components. Various results were analyzed in a 

broader investigation, including material properties, cellular responses, 

vascularization, immune interactions, and tissue remodeling. 

Subcutaneous implantation of 3D-printed ECM hydrogels in FoxN1 KO mice 

(Figure 2D) demonstrated superior tissue integration after 28 days, with no 

inflammation or foreign body response, unlike alginate hydrogels, which showed 

encapsulation and inflammatory debris. Histological and light sheet microscopy 

revealed robust neovascularization in rECM hydrogels, with blood vessels 

containing red blood cells throughout the graft, highlighting their capacity to 

support vascularized remodeling and host integration. 

A critical component of this immune response involved macrophages, which were 

analyzed in terms of their polarization states. The study revealed distinct 

macrophage behaviors in response to the implanted materials. At seven days post-

implantation, rECM hydrogels supported a higher proportion of anti-inflammatory 

M2 macrophages compared to alginate hydrogels, which exhibited increased pro-

inflammatory M1 macrophages. M2 macrophages, associated with constructive 

remodeling, likely contributed to the favorable integration and vascularization 

observed in rECM constructs. Moreover, the overall inflammatory profile of rECM 

hydrogels was significantly lower, correlating with reduced fibrosis and enhanced 

tissue remodeling outcomes. 

Other aspects of the study highlighted the broader potential of rECM bioinks, such 

as their ability to support cellular survival and differentiation. Constructs printed 

with rECM bio-inks exhibited higher metabolic activity and proliferation of 

embedded cells, as well as pro-angiogenic properties demonstrated in a chick 

chorioallantoic membrane (CAM) assay. Additionally, ECM bio-inks provided the 

structural and biological cues to differentiate primary human lung cells into airway-

like tissues. 
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Biocompatibility and angiogenic potential of rECM hydrogels: a) 3D printed alginate and rECM 

hydrogels in disk shape before subcutaneous implantation and when explanted on day 28. Scale bars: 

2 mm. b) H&E staining of subcutaneously implanted alginate and rECM hydrogels after 28 days. 

White asterisks * indicate large, non-proteinaceous debris. Inset showing red blood cells in the inner 

lumen of a blood vessel. Scale bars: 50 and 10 µm (inner panel). c) Macrophage infiltration (defined 

by CD45+, CD11b+, and F4/80+) in implanted alginate and rECM hydrogels on day 7 (n = 10 animals 

per group).  
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Discussions and Future Perspectives 

Paper I 

Effective bone regeneration necessitates orchestrating cellular recruitment, 

bioactive signaling, and scaffold integration. Bone morphogenetic proteins (BMPs), 

particularly BMP-2 and BMP-7, have been pivotal in these processes, yet their 

clinical use remains limited by high therapeutic doses, rapid clearance, and off-

target effects.114,115. This study demonstrates how the BMP-2/7 heterodimer 

delivered via collagen-hydroxyapatite (CHA) scaffolds can overcome these barriers, 

offering a clinically translatable solution for bone repair. 

Progenitor cell recruitment is a cornerstone of bone healing, as these cells provide 

the building blocks for bone formation. Osteoprogenitors marked by PDGFR-α and 

SCA-1 are essential for endochondral ossification in the muscle interstitium and 

periosteum.116,117. BMP-2/7 significantly enhanced osteoprogenitor homing to CHA 

scaffolds, as evidenced by increased expression of osteogenic markers such as Dlx5, 

Mmp13, and Dmp1, critical regulators of matrix remodeling and osteoblast 

differentiation118,119. These findings align with studies highlighting the 

heterodimer's superior receptor-binding affinity and resistance to antagonists, such 

as Noggin.120,121. 

The robust osteoprogenitor recruitment observed here underscores BMP-2/7's 

potential to drive early-stage regeneration, a phase often characterized by cartilage 

formation and matrix deposition.122. Glycosaminoglycans and collagen—key ECM 

components—were significantly elevated in BMP-2/7-treated scaffolds, further 

validating their role in promoting endochondral ossification.123. 

Bioactive molecules such as BMPs orchestrate cellular behavior during tissue 

repair. However, achieving sustained delivery and localized action remains a 

challenge. Traditional delivery systems, such as absorbable collagen sponges 

(ACS), are prone to rapid protein release, necessitating supraphysiological doses 

that increase Absorbable collagen sponges (ACS), are prone to rapid protein release, 

necessitating supraphysiological doses that increase the risk of inflammation and 

ectopic bone formation. 114,124. This study employed CHA scaffolds, which  the 

electrostatic binding properties of hydroxyapatite to achieve a controlled and 

prolonged release of BMP-2/7 for up to three weeks. 125,126. The resulting sustained 

availability ensures  continuous activation of osteogenic pathways, aligning with 

findings from studies that emphasize the importance of release kinetics in bone 

repair. 127,128. 

The heterodimeric BMP-2/7 outperformed BMP-2 at equivalent doses in promoting 

osteogenesis, confirming its superior bioactivity. Studies suggest that BMP-2/7's 

enhanced efficacy arises from its ability to activate Smad-dependent and non-

canonical ERK pathways and its reduced susceptibility to antagonistic 
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inhibitors.120,129. These properties make BMP-2/7 suitable for clinical applications 

requiring low-dose, high-potency solutions. 

In a critical-sized rat femur defect model, BMP-2/7 delivered via CHA scaffolds 

achieved radiographic union in 12 of 13 specimens within four weeks, 

outperforming BMP-2 at matched doses and equaling the performance of a 20-fold 

higher BMP-2 dose. Histological analysis revealed cortical bridging and 

intramedullary space formation, consistent with effective endochondral ossification. 

Importantly, no ectopic bone formation was observed, a common side effect 

associated with high-dose BMP-2115. These findings are clinically significant, 

highlighting the potential of BMP-2/7 for reducing therapeutic doses while 

maintaining efficacy. 

This study paves the way for integrating bioactive factors into advanced tissue 

engineering platforms. The demonstrated efficacy of BMP-2/7 in CHA scaffolds 

underscores its potential for creating off-the-shelf grafts for bone repair. Future 

studies should explore its application in large-animal models and evaluate 

mechanical properties over time to ensure translational readiness. Additionally, 

combining BMP-2/7 with emerging fabrication technologies, such as 3D 

bioprinting, could enable the creation of anatomically and biologically precise 

constructs tailored to individual patient needs130,131. 

 

Paper II 

Cell-based scaffolds have revolutionized tissue engineering by providing dynamic 

systems that integrate biological signals, ECM remodeling, and immune 

modulation. These properties make cellular scaffolds particularly promising for 

complex clinical situations such as significant bone defects or cartilage 

degeneration, where acellular or synthetic constructs are insufficient. Identifying a 

reproducible, scalable, and osteoinductive cell source remains a critical challenge 

despite this potential.132,133. 

Primary hBM-MSCs and human nasal chondrocytes (hNCs) have been widely used 

in cartilage engineering due to their chondrogenic potential. However, these cells 

exhibit significant inter-donor variability, limiting their reproducibility in clinical 
134,135. Immortalization strategies, such as introducing the human telomerase 

catalytic subunit (hTERT), have been employed to mitigate donor variability but 

often compromise the cells’ chondrogenic capacity136. In this study, we circumvent 

these limitations by engineering a human mesenchymal cell line (MSOD-B) with 

constitutive BMP-2 expression, enabling robust and reproducible chondrogenesis. 

BMP-2, a key regulator of endochondral ossification, was integrated into the MSOD 

line using lentiviral transduction. The resulting MSOD-B line retained its 

mesenchymal phenotype and demonstrated enhanced chondrogenic and osteogenic 
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differentiation while maintaining adipogenic potential. This advancement addresses 

a significant barrier in tissue engineering by offering a consistent and scalable cell 

source capable of initiating cartilage formation and subsequent bone 

remodeling114,116. The role of bioactive factors such as BMP-2 in cartilage and bone 

regeneration is well-established. BMP-2 not only promotes chondrogenic 

differentiation but also drives hypertrophy and matrix remodeling, essential for 

endochondral ossification137,138. In this study, BMP-2 overexpression in MSOD-B 

cells enhanced the production of hypertrophic cartilage enriched in 

glycosaminoglycans, collagen types II and X, and BMP-2 itself. This matrix 

provided critical biochemical cues for subsequent osteoinduction, as confirmed by 

in vivo remodeling into bone and bone marrow tissues. 

Notably, the osteoinductive capacity of the engineered cartilage was dependent on 

BMP-Smad 1/5/9 pathway activation, as evidenced by the inhibition of cartilage 

formation with the BMP receptor inhibitor LDN193189. This finding aligns with 

previous reports emphasizing the importance of BMP-Smad signaling in 

chondrogenesis and bone formation . 120,123. A critical innovation of this study is the 

development of devitalized MSOD-B-derived HyC as an osteoinductive, cell-free 

material. Devitalization via an inducible apoptotic system preserved the ECM’s 

biochemical and structural integrity while eliminating immunogenic cellular 

components. This devitalized HyC demonstrated superior osteoinductive 

performance compared to living cartilage generated from highly chondrogenic 

hBM-MSCs, achieving faster and more complete bone remodeling in vivo. The 

enhanced performance of devitalized HyC was attributed to its cartilaginous 

composition rather than BMP-2 content. Modulating cartilage maturity through 

controlled TGFβ3 exposure further emphasized the role of ECM composition in 

osteoinduction. These findings underscore the potential of engineering "beyond-

natural" matrices with defined biological and mechanical properties to achieve 

predictable clinical outcomes. 

Scalability and reproducibility are critical for the clinical translation of tissue-

engineered products. By leveraging bioreactor systems, we achieved a 20-fold 

increase in graft volume while maintaining the quality and osteoinductive capacity 

of the engineered HyC. This streamlined approach reduces contamination risks and 

batch variability, addressing a significant barrier in current manufacturing 

processes139. Additionally, the integration of lyophilization enables long-term 

storage and off-the-shelf availability, enhancing the practicality of devitalized HyC 

for diverse clinical applications. 

When combined with a mechanical scaffold, the devitalized HyC demonstrated 

efficacy in an orthotopic rat mandibular defect model, significantly enhancing new 

bone formation and implant integration. These results highlight the potential of 

combining devitalized ECM materials with synthetic scaffolds to meet site-specific 

mechanical and biological requirements. This approach aligns with emerging 
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regenerative medicine paradigms, prioritizing endogenous tissue regeneration 

through the use of bioactive scaffolds.140–142. 

 

Paper III 

It has been established that multiple biological processes, including lineage-specific 

differentiation, angiogenesis, and especially ECM remodeling, which must be 

orchestrated in tandem for effective tissue regeneration, particularly in skeletal 

repair.143–145. It has also been acknowledged that these processes are intrinsically 

dependent on the molecular composition of the scaffold, notably the ECM, which 

influences cellular recruitment, fate decisions, and overall repair outcomes.146,147. 

Through the integration of CRISPR/Cas9-mediated modifications into an 

established human mesenchymal cell platform (MSOD-B), a foundation has been 

provided for eECMs  that precisely target different aspects of healing and remodel 

themselves to align with the host’s regenerative requirements. 

A central focus of this work is the discovery that modifying key molecular mediators 

in cells can substantially alter the structure and function of the secreted ECM. 

Traditional scaffold-based strategies often rely on matrix components from 

decellularized tissues or synthetic analogs and have not fully captured the nuanced 

interplay among angiogenic, osteogenic, and immunomodulatory  signals . 148,149. 

However, this approach tailored the ECM composition directly at the cellular level. 

CRISPR/Cas9 technology was utilized to perform knockouts of vascular endothelial 

growth factor (VEGF) and runt-related transcription factor 2 (RUNX2), 

representing two complementary targets: removal of a pro-angiogenic factor 

(VEGF) to assess how vascularization kinetics affect endochondral ossification and 

inhibition of an essential transcription factor (RUNX2) that drives hypertrophy to 

explore cartilage stability and bone formation boundaries. 

The depletion of VEGF proved especially revealing. Although angiogenesis is 

typically considered essential for robust bone formation150,151It was observed that 

early progenitor recruitment and osteoinduction were not impaired by VEGF 

deficiency. This observation differs from strategies that rely solely on 

intramembranous mechanisms, which have historically required exogenous VEGF 

to achieve sufficient vascularization152,153. In the engineered system described here, 

BMP-2 and other ECM-embedded factors likely compensated for the absence of 

VEGF, indicating a sophisticated interplay of signals shaping endochondral 

processes. Clinically, these findings suggest that growth factor optimization for 

bone repair may not always demand elevated levels of VEGF if other osteoinductive 

cues are adequately modulated. 

Meanwhile, the silencing of RUNX2 inhibited cartilage hypertrophy and markedly 

delayed bone marrow formation, thereby maintaining a stable chondral phenotype. 

This outcome is particularly relevant for articular cartilage repair, where unwelcome 
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hypertrophy compromises long-term tissue stability.154–156. The RUNX2 knockout 

eECMs integrated more effectively into osteochondral defects by prolonging the 

chondral stage, yielding higher-quality cartilage regeneration at early intervals. 

Although the ultimate extent of in vivo cartilage was limited, these findings 

highlight a powerful strategy to regulate or impede the ossification cascade—a 

concept that could support personalized medicine. For instance, individuals who 

require protracted cartilage repair might benefit from RUNX2-suppressed eECMs, 

whereas those with extensive bone defects could employ unmodified or otherwise 

edited ECMs to expedite bone formation. 

A broader implication of this work is that CRISPR/Cas9-engineered ECMs establish 

a robust platform to elucidate the molecular triggers of tissue regeneration 

systematically. By shifting the editing emphasis away from direct cell therapy and 

toward matrix-mediated repair157,158ECMs with a high degree of compositional 

specificity can be produced, while the genetically altered cells are removed before 

implantation. This strategy particular defect type, immunological status, or healing 

trajectory.104,159A future eECM might contain elevated pro-angiogenic factors for 

patients with reduced angiogenic potential; downregulation of RUNX2 could help 

preserve stable cartilage in patients prone to ossification. 

Furthermore, this framework allows simultaneous or subsequent modifications, 

such as altering immunogenic proteins or adding inducible cell death switches, to 

advance safety and clinical efficacy further.160,161. The MSOD-B platform—a stable, 

immortalized cell source that expresses BMP-2—already mitigates donor 

variability, thus providing a reproducible cell line adapted to various regenerative 

needs.162,163. Lyophilization for off-the-shelf grafts extends these advantages to 

clinical settings by simplifying storage requirements and enabling timely use 

without undermining the bioactivity.145,149. 

In short, the synergy between CRISPR/Cas9-based compositional editing and cell-

derived ECM technologies marks a pivotal shift in scaffold-based regeneration. 

Rather than universally enhancing or blocking selected molecules, the ECM 

blueprint can now be precisely adjusted to expedite or postpone distinct phases of 

healing according to patient-specific therapeutic goals.142,164. By examining the roles 

of targets such as VEGF or RUNX2, vital information emerges about the timing and 

interplay of key processes—angiogenesis, cartilage hypertrophy, matrix 

remodeling—and this knowledge steers the design of advanced eECMs that unite 

precision, consistency, and large-scale feasibility. As validations in large-animal 

models and clinical studies progress, this blueprint for personalized tissue repair 

appears poised to alter approaches to challenging bone and cartilage defects, 

balancing biological complexity and regulatory considerations to deliver the next 

generation of regenerative therapies.165,166. 
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Paper IV 

In light of the growing burden of skeletal injuries and the critical need for advanced 

biomaterials in musculoskeletal therapies167,168This study underscores how 

decellularized tissue-engineered grafts can address existing limitations in bone 

repair169,170. By generating D-HyC through an optimized decellularization process, 

a scaffold with immunoregulatory properties, potent osteoinductivity, and a clear 

potential for clinical translation was demonstrated, in agreement with observations 

that endochondral ossification can be harnessed for bone regeneration171–173. 

Notably, these findings expand on the utility of stable mesenchymal cell lines for 

tissue engineering.162,174, bridging critical gaps in reproducibility, safety, and large-

scale manufacturing for biomaterial-based regenerative therapies175,176. 

A major challenge in advancing such therapies lies in the immunogenicity of 

engineered grafts, particularly off-the-shelf constructs, since immune-mediated 

rejection can negate the scaffold’s regenerative benefits.144,177,178. Decellularization 

of engineered cartilage effectively removes immunogenic cellular components 

while retaining key ECM elements critical for endochondral bone formation, 

thereby mitigating safety concerns associated with living implants. However, 

translating these acellular grafts from preclinical models to the clinic remains 

challenging, given that disparities in immune responses across species and the 

complexity of the human immune system may influence outcomes.177,179. In this 

context, efforts to scrutinize early immune recruitment events around the implanted 

scaffold have gained importance, as such interactions can determine whether the 

graft is integrated or ultimately rejected180–182 . 

D-HyC induced robust new bone formation in immunodeficient (ID) mice, 

correlating with early M2-dominated macrophage infiltration. This M2 phenotype 

has been implicated in pro-angiogenic and pro-regenerative processes, consistent 

with previous data linking macrophage polarization to scaffold integration167,183–185. 

In sharp contrast, the same constructs did not induce bone formation in 

immunocompetent (IC) mice, presumably due to the lack of beneficial immune 

polarization. Although decellularization lowered the DNA content below 

recommended thresholds186 and reduced cell debris, large inter-species 

immunological differences still impeded successful remodeling at ectopic 

sites180,187,188. These findings imply that the scaffold’s acceptance depends on its 

composition and the host’s immune context. 

In vitro co-culture assays with macrophages, T cells, dendritic cells, and peripheral 

blood mononuclear cells (PBMCs)189–191 Were conducted to assess 

immunocompatibility in a more clinically relevant environment. The decellularized 

constructs, lacking living cells, still reduced T-cell activation and elicited minimal 

dendritic cell maturation, implying that the immune-privileged status often linked 

to cartilage may primarily reside in its ECM. These in vitro results echo the 

immunomodulatory potential observed in other cell-based approaches.189,190 
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However, it highlights how ECM alone can guide host immune cells at the earliest 

stages. 

Despite the unsatisfactory ectopic bone formation in IC mice, D-HyC successfully 

facilitated bone repair in a weight-bearing rat femoral defect model—underscoring 

the importance of the orthotopic niche. Bone regeneration in a mechanically and 

vascularly relevant environment suggests that local cues can override the muted pro-

regenerative immune polarization witnessed in ectopic settings. In these paralleling 

studies, biomechanical and environmental stimuli critically affected endochondral 

constructs.171,173,181,192. From a practical perspective, these data imply that matching 

graft design to the defect’s local environment can prime the immune cells toward a 

reparative state. 

On a translational level, these observations reinforce the promise of acellular ECM-

based grafts as scalable, off-the-shelf options for tissue regeneration. D-HyC, which 

balances biochemical complexity with reduced immunogenicity, may be a 

compelling alternative to living constructs hindered by donor variability and 

regulatory complexities.144,178. The importance of analyzing early immune events to 

predict long-term outcomes is highlighted by pinpointing macrophage polarization 

as a determinant of bone regeneration. Future scaffold designs might, therefore, 

incorporate immunomodulatory strategies—such as specialized surface properties 

or growth factor delivery—to encourage M2-dominant responses.184,193,194. In 

addition, real-time monitoring of immune infiltration and polarization184 Could 

yield predictive indicators of scaffold performance, paralleling the emerging focus 

on personalized regenerative interventions. 

These findings illustrate that devitalized tissue-engineered cartilage can orchestrate 

notable bone formation while avoiding typical complications of cell-based 

approaches. By coupling decellularization with immune-aware assessment 

protocols, ECM-driven constructs can sustain the osteoinductive potential of 

hypertrophic cartilage and minimize immunological drawbacks. These insights 

align with an evolving perspective in tissue engineering: understanding and steering 

early immune-scaffold interactions can sharpen scaffold efficacy and 

longevity.167,168,171. Continuously refining scaffolds to favor reparative immune cell 

recruitment—via modulated macrophage polarization, T-cell regulation, or other 

biomolecular cues—may ultimately fulfill the promise of regenerative medicine for 

severe skeletal injuries. 

 

Paper V 

Recent advances in 3D bioprinting—where cells and biomaterials are deposited in 

tandem—have spurred efforts to engineer grafts that recapitulate native structure 

and function.195–200. However, it remains challenging to devise bio-inks that 

simultaneously maintain mechanical fidelity and provide biologically relevant 
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signals.201–204. A novel approach is presented here: decellularized ECM (ECM) is 

combined with alginate (rECM) to yield rapidly cross-linkable hydrogels containing 

organ-specific proteins and growth factors.205–209. This strategy allows for the 

interpenetration of ECM-derived molecules within an alginate scaffold.210–214, 

effectively bridging the gap between print precision and cell-supportive biochemical 

cues. 

A key observation involves the immunological dimension of scaffold function, 

particularly at early time points. Given the known linkage between scaffold 

remodeling, vascularization, and host compatibility, an immune assay investigated 

how host cells—such as macrophages—respond to ECM hydrogels.215–219. 

Constructs printed using rECM demonstrated an attenuated inflammatory profile, 

favoring an environment that may promote beneficial macrophage polarization and 

subsequent vascular ingrowth. These findings are consistent with other studies 

indicating that materials capable of eliciting an immunomodulatory effect—often 

marked by a reduced foreign body reaction—can facilitate engraftment and scaffold 

longevity.220–225. 

Crucially, the early recruitment of immune cells appeared to align with the eventual 

success of tissue remodeling at the graft–host interface. Such a pattern suggests that 

scaffold composition should be tuned for mechanical fidelity and 

immunocompatibility so that a pro-regenerative cascade can be initiated226–228. The 

inclusion of tissue-specific ECM—obtained, for instance, from the lung—

underscores the broader utility of this approach, as these bioprinted constructs 

retained physiologic features pertinent to the source organ while mitigating 

inflammatory responses229–232. 

These observations suggest that hybrid ECM scaffolds can meet the intertwined 

requirements of 3D printing fidelity and biologically adaptive behavior. Such a 

strategy may be extended from alveolar to skeletal tissues to various organ-derived 

ECMs, offering a scaffold platform that supports cell viability, orchestrates 

beneficial immune infiltration, and fosters functional regeneration.233,234. 
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Methodology 
 

Cells: Expansion, Transfection and Differentiation 

Across this work (Papers II, III, and IV), MSOD-B cells and their modified 

derivatives were central to developing eECM and evaluating tissue regeneration. 

MSOD-B cells were utilized consistently for chondrogenic differentiation, while 

CRISPR modifications and osteogenic differentiation were specifically applied in 

paper 3. 

CRISPR/Cas9-Based Transfection of MSOD-B Cells  

Transfections were performed on MSOD-B to generate CRISPR-modified MSOD-

B cells (MSOD-BΔV and MSOD-BΔR). Cells were seeded at a density of 400,000 

cells per well in 12-well plates, reaching 80% confluency the next day. DNA 

mixtures containing one µg plasmid, 2 µL P3000 reagent, and 50 µL OptiMEM 

were combined with a lipofectamine cocktail (24 µL lipofectamine 3000 in 400 µL 

OptiMEM) at a 1:1 ratio. After 48 hours, mCherry-positive cells were isolated via 

fluorescence-activated cell sorting (FACS) using ARIA (BD Biosciences) and 

single-cell sorted into 96-well plates. Successfully expanded clones were further 

characterized and used for subsequent experiments in paper 3. 

Cell Expansion 

MSOD-B cells and their CRISPR-modified derivatives were cultured in α-minimum 

essential medium (αMEM) supplemented with 10% fetal bovine serum, 1% HEPES, 

1% sodium pyruvate, 1% penicillin-streptomycin-glutamine solution, and five 

ng/ml fibroblast growth factor-2. Cells were seeded at 3200 cells/cm² and passaged 

upon reaching 90% confluency. Media were replaced twice weekly to maintain cell 

viability and proliferation. 

Chondrogenic Differentiation  

MSOD-B cells were harvested using Trypsin-EDTA (0.25%) and seeded onto 

cylindrical collagen type I scaffolds (6 mm diameter, 3 mm thickness) at a density 

of 2 × 10⁶ cells per scaffold. To prevent attachment, scaffolds were placed in 12-

well plates coated with 1% agarose. Chondrogenic medium consisted of DMEM 

supplemented with 1% penicillin-streptomycin-glutamine, 1% HEPES, 1% sodium 

pyruvate, 1% ITS, 0.47 mg/ml linoleic acid, 0.12% bovine serum albumin, 0.1 mM 

ascorbic acid, 10⁻⁷ M dexamethasone, and 10 ng/ml TGF-β3. Tissue constructs were 

cultured for three weeks, with media replaced twice weekly. 

Osteogenic Differentiation  

MSOD-B cells and their CRISPR-modified progeny were seeded in 12-well plates 

at a density of 2 × 10⁶ cells per well and cultured in an osteogenic medium. The 

medium consisted of αMEM supplemented with 10% fetal bovine serum, 1% 
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HEPES, 1% sodium pyruvate, 1% penicillin-streptomycin-glutamine solution, 

0.01M β-dexamethasone, and 0.1M ascorbic acid. Constructs were maintained for 

three weeks, with media replaced twice weekly to support osteogenic differentiation 

and matrix mineralization. 

Scaffold/graft processing and storage 

Lyophilization was utilized for tissue constructs in both in vitro and in vivo studies 

across Papers II, III, and IV to facilitate long-term storage and preservation. 

Lyophilization 

Tissue constructs were rinsed twice with PBS (pH 7.2, without calcium and 

magnesium, Gibco) to remove residual media. Constructs were then snap-frozen in 

liquid nitrogen for five minutes to stabilize the matrix and subsequently lyophilized 

using a freeze dryer (Labconco) at −80 °C and 0.05 bar overnight. Once lyophilized, 

tissue constructs were stored at 4 °C to maintain their structural integrity and 

bioactivity for downstream applications. 

Animal models and implantation methods 

The choice of animal models and implantation techniques was tailored across the 

studies to evaluate the regenerative potential of engineered constructs under various 

physiological and immunological conditions. These models enabled comprehensive 

assessments of tissue remodeling, immune interactions, and functional regeneration. 

Ectopic implantation was consistently employed across all studies (Papers I–V) to 

evaluate graft performance and immune recruitment in non-load-bearing 

environments. In addition, specific defect models, including the osteochondral 

defect model (Paper III) and the critical-sized femoral defect model (Paper IV), 

were used to assess the regenerative capacity of engineered constructs in load-

bearing and anatomically relevant scenarios. 

Ectopic Implantation (Paper I-V) 

Ectopic implantation was performed to evaluate immune recruitment, tissue 

remodeling, and the bone formation efficiency of engineered constructs. 

Muscle Pouch Model in Immunocompetent Rats (Paper I): 

Cylindrical CHA scaffolds (4 mm diameter, 5 mm height) were prepared and loaded 

with BMP-2/7 or BMP-2 at varying doses. Scaffolds were implanted into muscle 

pouches created surgically in immunocompetent Sprague Dawley rats. Grafts were 

analyzed after implantation to assess ectopic bone formation. 

Subcutaneous Pouch in Mice (Papers II–V): 

Engineered human cartilage grafts were implanted subcutaneously in 6–8-week-old 

FoxN1 KO BALB/C nude mice (Papers II–V) and C57BL/6J immunocompetent 

mice (Paper IV). Up to six implants were placed per animal, and samples were 
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explanted after 3, 5, and 7 days or 6 and 12 weeks for micro-CT, histological 

(Safranin-O staining), and FACS analyses. 

Osteochondral defect model (Paper III) 

An osteochondral defect model was established in rats to evaluate the regenerative 

capacity of CRISPR-modified MSOD-B cells and their engineered constructs. 

Ten- to 12-week-old male Sprague Dawley rats were anesthetized, and an articular 

cartilage defect (2 mm depth, 1 mm diameter) was created at the trochlear groove 

of the femur. Grafts were push-fitted into the defect without sutures, and the joint 

capsule, muscle tissue, and skin were closed with resorbable sutures. Animals began 

load-bearing immediately after surgery. After 3 weeks, femurs were harvested for 

micro-CT and histological characterization to assess the regenerative capacity of the 

constructs. 

Critical-sized femoral defect model 

A critical-sized femoral defect model was utilized in rats to assess the bone 

regeneration potential of decellularized constructs. Ten- to 12-week-old male 

Sprague Dawley rats underwent a surgical procedure to create a 5-mm mid-

diaphyseal defect in the femur, stabilized with a custom internal fixation plate. The 

defect was filled with three decellularized grafts without sutures, and the wound was 

closed in a layered fashion. Animals began load-bearing immediately after surgery. 

Femurs were harvested after 6 and 12 weeks for micro-CT, mechanical testing, and 

histological analysis, including Safranin-O, Masson’s trichrome, and hematoxylin 

and eosin staining. 

In vivo and ex vivo Angiogenesis assays 

Paper III primarily employed these methods to evaluate the angiogenic potential of 

MSOD-B VEGF knockout constructs. The CAM assay was selected for its 

sensitivity in detecting early vascularization. At the same time, vascular density 

quantification provided a robust metric for assessing vessel formation and 

distribution within graft regions, critical for understanding the impact of VEGF 

knockout on regenerative outcomes. 

Cam Assay 

The chick chorioallantoic membrane (CAM) assay evaluated the angiogenic 

potential of tissue-engineered grafts, explicitly focusing on constructs derived from 

MSOD-B and MSOD-BΔVEGF1 cells. Fertilized Lohmann Brown chicken eggs 

were incubated under controlled conditions (37.5 °C with constant humidity) for six 

days before the start of the experiment. On Day -3, a small window was aseptically 

created in the eggshell to provide access to the CAM, resealed with adhesive tape, 

and returned to incubation. On Day 0, lyophilized MSOD-B constructs, wild-type, 

and VEGF knockout were placed on the CAM. The eggs were resealed and returned 

to the incubator. Brightfield images were acquired on Day 4 using a LEICA S9i 
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microscope. These images were subsequently analyzed for vascular density to 

assess the angiogenic response of the grafts. 

Vascular density quantification 

The Quantitative Vascular Analysis Tool (Q-VAT) was used to quantify vascular 

density, allowing for a detailed analysis of CAM assay images. The digital 

microscope images were segmented into tiles, and binary vascular masks were 

generated to identify vascular structures within the tissue. Q-VAT’s automated 

functionality enabled the differentiation of vessel measurements based on diameter, 

facilitating the quantification of both macro- and microvasculature. The vascular 

density, defined as the proportion of tissue area occupied by vessels, was calculated 

for each tile, and the mean vascular density was computed across all tiles for each 

sample. In addition, double- or triple-stained slides were analyzed using Q-VAT to 

determine the overlapping percentage of vessels, allowing for comparisons across 

various time points.  

Molecular and cellular assays 

Molecular and cellular analyses were employed throughout the study to 

qualitatively and quantitatively assess immune responses, protein expression, and 

biochemical composition. Flow cytometry was utilized across Papers I, III, IV, and 

V to investigate osteoprogenitor homing (Paper I), intracellular RUNX2 expression 

(Paper III), immune cell recruitment and distribution (Papers IV and V), and 

macrophage polarization (Papers IV and V). ELISA and Western blot analyses in 

Paper III were used to quantitatively and qualitatively verify the modifications of 

MSOD-B cells by measuring VEGF and RUNX2 protein expression. qPCR in Paper 

III further supported these findings by analyzing changes in gene expression. GAG 

analysis was performed in Papers II, III, and IV to ensure consistent 

glycosaminoglycan deposition following chondrogenic differentiation, serving as a 

quality control measure for the engineered constructs. 

Flow cytometry 

For Paper I, neo-tissue specimens were harvested and enzymatically digested to 

obtain single-cell suspensions. Cells were stained with primary antibodies for 

osteoprogenitor markers and analyzed using a BD LSRFortessa™ analyzer. For 

immune cell recruitment (Papers IV and V), subcutaneous implants were digested 

using a collagenase type II, P, and CaCl2 cocktail. The resulting cell suspensions 

were washed, stained with primary and secondary antibodies, and analyzed using a 

BD LSRFortessa™ cell analyzer. Intracellular staining (Paper III) involved fixing 

and permeabilizing cells with a Fixation/Permeabilization Kit, followed by RUNX2 

staining using a rabbit anti-human primary antibody and a donkey anti-rabbit APC-

labeled secondary antibody. Fluorescence compensation was set using UltraComp 

eBeads™, and all data were analyzed with FlowJo™ software. 
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Innate Immune Markers: APC Fire CD11b (Rat IgG2b, κ, Biolegend 101235), PE 

F4/80 (Rat IgG2a, κ, Biolegend 123110), PECy7 CD11c (Armenian Hamster IgG, 

Biolegend 117318), AF647 CD206 (Rat IgG2a, κ, Biolegend 141712), BV650 

NK1.1: (Mouse IgG2b, κ, Biolegend 108736). 

Adaptive Immune Markers: PerCPCy5.5 CD45 (Rat IgG2b, κ, Biolegend 147706), 

APC Fire 750 CD8 (Rat IgG2b, κ, Biolegend 344746), PE CD19 (Rat IgG2a, κ, 

Biolegend 152408), PECy7 CD3 (Armenian Hamster IgG, Biolegend 100220), 

AF647 CD4 (Rat IgG2b, κ, Biolegend 100424). 

Intracellular Markers: RUNX2: (Rabbit anti-human, Thermo-Fischer PA5-82787) 

with secondary antibody Donkey anti-rabbit IgG DyLight™ 649 (Biolegend 

406406). 

Osteogenic Markers: CD31 PE (Mouse IgG1, κ, BD Biosciences 555027),  CD45 

Alexa Fluor® 488 (Mouse IgG1, κ, Abcam Ab256254), PDGFR-α AF647 (Rabbit 

IgG, Abcam Ab150075, secondary for Ab203491), SCA-1 Cy 5.5 (Goat IgG, 

Abcam Ab6951, secondary for R&D Systems AF1226). 

Blocking Control: CD16/32 (Fc Block): (Rat IgG2a, λ, Biolegend 101302) 

Western blot 

Western blotting in Paper III evaluated RUNX2 protein expression in MSOD-B 

and MSOD-BΔRUNX2 cells. Cell lysates were prepared in RIPA buffer 

supplemented with protease and phosphatase inhibitors, separated by Bolt gels, and 

transferred to PVDF membranes. Primary antibodies included RunX2 (D1L7F, Cell 

Signaling Technology 12556) and Actin (Becton Dickinson 612656). HRP-

conjugated secondary antibodies (Anti-Mouse GENA931, Sigma-Aldrich; Anti-

Rabbit NA9340V, Thermo Fisher Scientific) were used for detection via 

chemiluminescence. 

qPCR 

qPCR was performed in Paper III to evaluate gene expression of RUNX2, ALP, 

and ColX in differentiated MSOD-B constructs. Total RNA was extracted using the 

Quick-RNA extraction kit (Zymo Research) and reverse-transcribed into cDNA 

using Invitrogen's cDNA synthesis kit. TaqMan assays were quantified, with 

GAPDH as the reference gene. 

GAG analysis 

Biochemical quantification of GAG content was conducted in Papers II, III, and 

IV to ensure consistent ECM production after chondrogenic differentiation. 

Lyophilized constructs were digested overnight in Proteinase K solution (1 mg/mL 

Proteinase K, 10 µg/ml pepstatin A, one mM EDTA, 100 mM Iodoacetamide, 50 

mM Tris, pH 7.6, 56°C) and analyzed using the Glycosaminoglycan Assay Blyscan 

kit (Biocolor). 



71 

Histology and Image Analysis 

Histological and imaging techniques were employed across the studies to 

qualitatively and quantitatively evaluate tissue morphology, matrix composition, 

and regenerative outcomes. Safranin O staining was applied in Papers II, III, and IV 

to assess glycosaminoglycan content in engineered cartilage. Masson’s Trichrome 

staining in Papers III and IV enabled the visualization of collagen deposition and 

fibrosis. Hematoxylin and Eosin (H&E) staining in Paper III provided a 

comprehensive view of general tissue morphology. TRAP staining in Papers III and 

IV highlighted osteoclastic activity, which is crucial for understanding bone 

remodeling. Advanced methodologies such as histological grading, cartilage 

quantification, and trabecular parameter analysis were primarily utilized in Paper III 

to assess cartilage and bone repair in osteochondral defect models. In Papers III and 

IV, immunofluorescence was used to localize cell-specific markers and proteins 

within the constructs. Micro-CT imaging in Papers II, III, and IV quantified bone 

architecture, including trabecular thickness, separation, and vascular density, further 

elucidating the efficacy of the engineered constructs 

Chemical staining 

Both in vitro and in vivo samples are fixed in formaldehyde overnight. After fixation 

in formaldehyde, in vivo tissues were decalcified using 10% EDTA (Sigma Aldrich, 

USA) at pH 8.0 and maintained at 4°C for two weeks. Samples were then 

progressively dehydrated through a graded ethanol series (35%, 70%, 95%, and 

99.5%; Solveco) with two 20-minute immersions at each concentration. Following 

dehydration, tissues were washed in a 1:1 solution of 99.5% ethanol and xylene 

(Fisher Scientific) for 10 minutes, then immersed in xylene alone for two 20-minute 

washes. Tissues were subsequently embedded in paraffin at 56°C overnight and 

sectioned into 7–10 μm slices using a microtome. The sections were dried overnight 

at 37°C. Deparaffinization was done by rinsing sections twice in xylene for 7 

minutes each, followed by a 3-minute wash in a 1:1 ethanol/xylene (99.5%) mixture. 

Rehydration was performed using a graded ethanol series (99.5%, 95%, 70%, and 

35%), each step lasting 7 minutes and repeated twice. 

Safranin O staining  

Safranin O staining was employed to qualitatively assess the cartilage formation in 

the differentiated tissues in Papers II, III, and IV. Paraffin-embedded sections were 

stained using Mayer’s hematoxylin solution (Sigma-Aldrich) for 10 minutes and 

then rinsed in distilled water. Samples were then treated with 0.01% fast green 

solution (Fisher Scientific) for five minutes and rinsed briefly in 1% acetic acid 

solution. Staining with 0.1% Safranin O (Fisher Scientific) was performed for five 

minutes. Slides were dehydrated through a graded ethanol series and xylene and 

mounted with a PERTEX mounting medium (HistoLab). This protocol enabled 

precise visualization of cartilage-specific GAG content. 
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Masson’s Trichrome staining  

This staining was performed to complement Safranin O staining, allowing for better 

visualization of collagen deposition, particularly in Papers III and IV. Following 

paraffin embedding, sections were deparaffinized and treated with Bouin’s solution 

at room temperature overnight to enhance staining. The slides were stained with 

Weigert’s iron hematoxylin for nuclear detection, Biebrich Scarlet-Acid Fuchsin for 

cytoplasm, and aniline blue for collagen. After treatment with phosphotungstic acid, 

the sections were dehydrated and mounted. This staining enabled differentiation 

between fibrotic tissue and native cartilage or bone. 

Haematoxylin and Eosin (H&E) staining.  

H&E staining was used mainly in Paper III to examine general tissue morphology 

in both in vitro and in vivo samples. After deparaffinization, sections were stained 

with Mayer’s hematoxylin solution for 10 minutes and rinsed in running water. 

Eosin Y solution (Sigma-Aldrich) was applied as a counterstain for one minute. 

After dehydration and clearing, sections were mounted with PERTEX medium. This 

method provided a detailed visualization of cellular organization and tissue 

structure. 

TRAP (Tartrate Resistant Acid Phosphatase)  staining  

TRAP staining was employed in Papers III and IV to assess osteoclastic activity in 

decellularized and lyophilized constructs after in vivo implantation. The slides were 

treated with a sodium tartrate and Fast Red TR Salt staining solution at 37°C for 

two hours. After counterstaining with Mayer’s hematoxylin, the sections were 

examined under a microscope. This method allowed quantification of osteoclast 

activity within the graft and surrounding host tissue. 

Histological Grading Method  

In Paper III, a semi-quantitative grading system based on a customized adaptation 

of the Wakitani scoring method was applied to evaluate cartilage repair in rat 

femoral condyles. The system included six parameters: cellular morphology, matrix 

staining, surface regularity, cartilage thickness, subchondral bone formation, and 

integration with neighboring cartilage. Each parameter was scored on a scale of 0–

4, with a maximum possible score of 16 representing optimal repair. This grading 

provided a comprehensive evaluation of cartilage quality and integration. 

Cartilage Quantification method  

Cartilage regeneration was quantified in Paper III by defining a standardized Region 

of Interest (ROI) in the femoral condyle defects. ImageJ software calculated the 

percentage of cartilage-positive regions within the ROI relative to the total defect 

area. This method allowed a direct comparison of cartilage formation between 
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experimental and control samples, providing quantitative insight into the 

effectiveness of different treatment approaches. 

Trabecular Thickness (Tb.Th) and Trabecular Separation (Tb.Sp) 

In Paper III, bone microarchitecture was analyzed using trabecular thickness 

(Tb.Th) and trabecular separation (Tb.Sp) as key parameters. A rectangular 

interface region (2 × 1 mm) was defined as the ROI in the defect space. Trabecular 

parameters were calculated using the BoneJ plugin in ImageJ to evaluate bone 

quality and structural integrity. This analysis was instrumental in assessing the 

regeneration potential of engineered constructs in critical-sized defects. 

Immunofluorescence 

Immunofluorescence staining was applied to spatially localize proteins and cell-

specific markers in engineered and native tissues. In Paper III, agarose-embedded 

sections were treated with Triton X-100 and donkey serum for blocking and 

permeabilization. Primary antibodies, including mouse anti-Collagen II (Invitrogen, 

MA137493), rabbit anti-Collagen X (abba, abx101469), and VEGF (Bioss 

Antibodies, bs-0279R), were applied overnight at 4°C. Secondary antibodies such 

as CF568 donkey anti-rabbit (Biotium, 20098) and CF633 donkey anti-mouse 

(Sigma-Aldrich, SAB4600131) were used. Sections were imaged using a Zeiss 

LSM780 confocal microscope. In Paper IV, additional antibodies, such as goat anti-

mouse CD31 (R&D Systems, YZU0119121), were used to evaluate vascularization. 

Tissue sections were treated with a TrueView Autofluorescence Quenching Kit 

(Vector Laboratories) to enhance image quality. 

In vivo Micro-CT scanning 

In Papers II, III, and IV, in vivo micro-CT scanning was performed to evaluate bone 

regeneration and vascularization at 4–6 weeks post-implantation. Rats were 

anesthetized using isoflurane and positioned for scanning with a U-CT system 

(MILABS). Volumes were reconstructed at 30 µm isotropic voxel size, and bone 

parameters such as volume and density were quantified using Seg3D and Blender 

software. 

In vitro Micro-CT scanning 

Ex vivo scanning was performed on fixed samples to achieve higher resolution (10 

µm isotropic voxel size). Subcutaneous implants in mice and orthotopic femoral 

samples in rats were analyzed for bone volume and architecture. This analysis 

provided detailed insights into the effectiveness of constructs in promoting bone 

regeneration and vascularization. 

Immune cell isolation and polarization methods 

These assays were conducted primarily in Paper IV and aimed to evaluate the 

immunogenicity and immune response of human cells toward the engineered 



74 

matrices before and after decellularization. These studies focused on the interactions 

between engineered cartilage constructs and immune cells, with an emphasis on 

monocyte-derived macrophages and their subsequent effects on T-cell behavior.  

PBMCs preparation 

Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood 

via density gradient centrifugation using Lymphoprep (Axis-Shield) at 640g for 20 

minutes with a low break. The cells were washed twice with PBS, counted, and 

prepared for downstream applications. When required, monocytes were further 

purified from the PBMC fraction using CD14+ magnetic bead separation (Miltenyi) 

following the manufacturer’s instructions. Additionally, CD4+ T-cells were isolated 

using the EasySep™ CD4+ T-cell Isolation Kit (Stemcell Technologies) per the 

manufacturer’s protocol and prepared for use in co-culture studies. 

Monocyte isolation and in vitro polarisation 

Monocytes were freshly isolated from PBMCs obtained from healthy donors (n=6; 

median age 43, 50% female) after informed consent. The monocytes were cultured 

for five days in 24-well plates (Falcon) at a density of 0.5 x 10⁶ cells/mL in complete 

α-Minimum Essential Medium (α-MEM) supplemented with 10% heat-inactivated 

fetal bovine serum (FBS), 1% HEPES (1M), 1% sodium pyruvate (100mM), and 

1% penicillin/streptomycin/glutamine solution, along with 40 ng/mL macrophage 

colony-stimulating factor (M-CSF). The media was then replaced with a fresh 

medium containing 200 µg/mL of powdered HyC (L-HyC or D-HyC) without M-

CSF and cultured for an additional two days to induce polarization. 

Macrophage polarisation analysis 

After the two-day polarization, macrophages were detached using ice-cold PBS 

containing one mM EDTA and gentle pipetting, followed by washing with PBS and 

resuspension in RPMI-1640 supplemented with 10% heat-inactivated FBS and 1% 

penicillin/streptomycin solution. A portion of the polarized macrophages (2.5 × 10³ 

cells) was reserved for a T-cell proliferation assay, while the remaining cells were 

stained for flow cytometry analysis. The cells were incubated with the following 

antibodies, all diluted 1:100, for 20 minutes at room temperature: CD80 (BV650, 

BD), CD86 (BV650, BD), CD163 (PE, BD), CD206 (APC, BD). The stained cells 

were washed, counted, and analyzed using flow cytometry to evaluate polarization 

patterns. These analyses provided insights into the pro- or anti-inflammatory 

phenotypes adopted by macrophages in response to the engineered cartilage 

constructs. They set the stage for subsequent studies, involving co-culture of 

immune cells. 

Use of Generative AI Tools 

By guidelines from the Faculty of Medicine at Lund University, I disclose here my 

use of generative AI tools in the preparation of this thesis. OpenAI’s ChatGPT 
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(GPT-4 model, accessed via ChatGPT) was used during the drafting of the 

introductory summary and select sections of the text. The primary purposes were: 

1) rephrasing and refining my original text to enhance clarity, flow, and professional 

tone; 2) checking and improving grammar and syntax; and 3) reviewing transitions 

and paragraph structure for coherence. No content related to scientific data analysis, 

interpretation of results, or formulation of research questions was generated by AI. 

All substantive ideas, conceptual framing, and critical analysis were developed 

independently. AI-generated outputs were critically reviewed and manually revised 

before inclusion. I take full responsibility for the accuracy, integrity, and originality 

of the content presented. 
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