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1. Introduction 

Collagen, a fundamental building block of the mammal body, was named from 

the Greek word "kólla" in the late 16th century, meaning glue, reflecting its role 

in binding tissues together in the body (Mosleh et al., 2023). A breakthrough in 

the understanding of collagen came with the work of G.N. Ramachandran in the 

1950s, who first discovered the structure for collagen, known as “Madra’s triple 

helix” (Ramachandran and Kartha, 1955). Following Ramachandran’s 

discovery, there has been extensive research on collagen, leading to a deeper 

understanding of its various types, functions, and roles in the human body. In 

particular, type I collagen in bones provides mechanical strength and plays a 

crucial role in healing and regenerating bone tissue. Current research is delving 

deeper into the expansive realm of collagen, aiming to enhance our knowledge 

of the fundamental biological and chemical characteristics, alongside its 

processing and medical applications. The exploration continues to extend the 

applications in regenerative medicine and its involvement of collagen in various 

diseases. The ongoing studies not only seek to expand our understanding of 

collagen's intrinsic properties but also to explore innovative ways to harness its 

potential in medical and therapeutic contexts. In bone tissue engineering (BTE), 

collagen's significance transcends mere structural support; it is instrumental in 

mineralization and guiding the cellular processes crucial for bone healing and 

remodeling. 

1.1 Collagen and Bone 

1.1.1 Collagen in Native Bone Tissue 

In the bone matrix, collagen, especially type I, accounts for 90% of the non-

mineralized components and is essential to bone structure and function 

(Thompson and Hing, 2004). Arrays of tropocollagen molecules (300 nm long, 

1.25 nm wide, mass 285 kDa), each consisting of three left-handed chain 

assemblies, are carefully arranged in collagen fibrils and fibers (Shoulders and 

Raines, 2009). As illustrated in Figure 1, these chains are stabilized by 

hydrogen bonds that are rich in amino acids such as glycine, proline, and 
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hydroxyproline, bounded together in a right-handed triple helix. The repeating of 

G-X-Y sequences is crucial for the formation of the triple helix (Mogilner et al., 

2002), providing structural stability and flexibility necessary for the bone to resist 

mechanical stress (Kramer et al., 1999). Groups of five tropocollagen molecules 

are organized into microfibrils by a ¾ stagger, parallel array. Collagen 

microfibrils form naturally into fibrils and fibers, stretching up to a centimeter 

long and a millimeter thick, and are distinguished by a 67 nm banding pattern 

known as the D-period (Shoulders and Raines, 2009). The organization of these 

collagen fibers varies within the bone: larger fibers align parallel in the outer 

cortical layer, while smaller, crisscrossing fibers predominate in the inner 

cancellous layer (Georgiadis et al., 2016). Hydroxyapatite nanocrystals, 

contributed by osteoblasts to the collagen fibers, form the composite bone 

matrix, enhancing mechanical properties like impact resistance and load 

distribution (Fan et al., 2023b). 
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Figure 1. Hierarchical structure of type I collagen fiber and human bone. This schematic diagram was 

graphically processed based on our previous study (Fan et al., 2023b). Graphic elements were generated 

by Servier Medical Art (provided by Servier, licensed under a Creative Commons Attribution 4.0 Unported 

License) and Biorender.com. 

 Beyonds providing the mechanical strength and framework necessary for 

bone integrity, type I collagen also engages in critical interactions with bone 

cells such as mesemchymal stem cells (MSCs), osteoblasts and osteoclasts, 

playing pivotal role in bone biological dynamics. These interactions are 

facililated through integrin binding sites on the collagen molecules, notably 

through sequences like RGD and GFOGER, which promote cell adhesion, 

migration, and signaling pathways crucial for bone formation and remodeling 

(Taubenberger et al., 2010, Wojtowicz et al., 2010). While direct binding sites 

for growth factors and cytokines on type I collagen are less defined, the 

collagen matrix plays an indirect yet pivotal role in modulating the activity of 

these signaling molecules. The degradation of collagen, for instance, can 

release matrix-bound growth factors, thus influencing their concentration and 

activity in the bone microenvironment (Minor and Coulombe, 2020). Moreover, 

the mechanical properties of the collagen matrix, influenced by its density and 

organization, contribute to the regulation of cellular behavior through 

mechanotransduction pathways (Zhou et al., 2021). This intricate interaction 

network is vital for maintaining the balance between bone formation and 

resorption, with collagen’s structural and biochemical properties collectively 

orchestrating bone remodeling and repair processes. The inherent properties of 

collagen in native bone underscore its potential in BTE. 

1.1.2 Bone and Bone Defects 

The human skeletal system, a marvel of natural engineering, is predominantly 

and averagely composed of 206 bones, a dynamic and complex tissue that 

serves multiple critical functions (Hart et al., 2020). Beyond providing structural 

support and protection for internal organs, bones are vital for movement, 

mineral storage, and housing bone marrow, which is essential for blood cell 

production (Su et al., 2019). Bone’s remarkable ability to repair and regenerate 

itself is a testament to its complexity, involving a sophisticated interplay of cells, 
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signaling molecules, and the extracellular matrix, primarily type I collagen (Lin et 

al., 2020b). 

 The regenerative capabilities of bone, though remarkable, are not 

limitless. Large or complex bone defects—stemming from trauma, tumor 

resections, congenital anomalies, or diseases such as osteoporosis—present 

significant challenges, often surpassing the bone's natural capacity for healing 

and leading to conditions like non-union or delayed healing (Szwed-Georgiou et 

al., 2023). Such bone defects constitute a major global health concern, 

impacting millions annually. Notably, it is estimated that worldwide, over 2 

million bone grafting procedures are performed each year, with approximately 

half a million of these occurring in the United States, predominantly for 

orthopedic and dental applications (Gillman and Jayasuriya, 2021). In Germany, 

osteoporosis prevalence stands at 8% among women and 2% among men over 

the age of 45, with the country housing more than 6.3 million osteoporosis 

patients (Andrich et al., 2021). Meanwhile, over 160 million individuals in China 

are affected by osteoporosis, according to the Chinese Center for Disease 

Control and Prevention (Cheng et al., 2021). 

 These statistics emphasize the critical demand for innovative solutions in 

bone repair and healing. The challenge extends to finding effective approaches 

that can accommodate the intricate dynamics of bone regeneration, catering to 

the varying severities and types of bone damage encountered clinically. This 

necessity drives the pursuit of advanced strategies in BTE and regenerative 

medicine aimed not just at filling defects but at actively promoting the 

regenerative processes inherent to the bone. Research is increasingly focusing 

on understanding the mechanisms underlying bone repair and how these can 

be supported or enhanced through intervention. This includes exploring the 

roles of various biomaterials, bioactive molecules, and cellular therapies in 

facilitating bone regeneration, with an emphasis on ensuring compatibility with 

the body's natural healing processes and minimizing the risk of rejection or 

complications. Optimizing these approaches for practical application holds the 

promise of significantly improving therapeutic outcomes for individuals suffering 
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from bone-related ailments, thereby enhancing their quality of life and 

addressing a crucial global health issue. 

1.1.3 Bone Repair and Healing 

The natural process of bone repair and healing is a finely tuned physiological 

event, showcasing the body’s remarkable ability to regenerate. This process is 

a sophisticated orchestration of biological events, typically occurs in several 

distinct but overlapping stages (Guo and DiPietro, 2010) (Figure 2): 

• Hemostasis and inflammation: immediately following a fracture or 

bone injury, blood vessels rupture, leading to the formation of a 

hematoma (blood clot). The resultant hypoxic environment within the 

hematoma is crucial for cell activation, migration, and differentiation. 

Beyond serving as a provisional three-dimensional matrix for repair cells, 

hematoma also releases cytokines and growth factors, triggering an 

inflammatory response that is crucial for initiating the healing process 

(Schell et al., 2017). 

• Soft callus formation: within a few days post-injury, fibroblasts and 

MSCs populate the fracture site, replacing hematoma with fibrin-rich 

granulation tissue, primarily composed of collagen and fibrocartilage. 

This granulation tissue not only provides a conducive microenvironment 

for angiogenesis and chondrogenesis, essential for soft callus formation 

at the fracture site ends but also sets the stage for subsequent 

endochondral ossification (Guo and DiPietro, 2010). 

• Hard callus formation: MSCs gradually differentiate into osteoblasts, 

initiating intramembranous ossification and mineralization within soft 

callus to form hard callus. Hard callus is significantly more 

biomechanically stable than its soft counterpart, serves to tightly bridge 

the bone defect ends, making the latter stage to the repair phase 

(Maruyama et al., 2020). 

• Bone remodeling: commencing 3 to 4 weeks post-fracture and 

potentially spanning several years, this final stage of bone defect healing 

involves both the resorption and formation of bone by osteoclasts and 
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osteoblasts, in accordance with Wolff’s law, which states that bone 

remodels in response to the mechanical loads it experiences. This 

remodeling process is pivotal for restoring the bone’s full biomechanical 

stability, ultimately reshaping the bone back to its original structure and 

strength as well as the restoration of the bone’s functionality (Rowe et al., 

2018). 

 While the bone’s natural repair mechanisms are adept at managing small 

fractures and injuries, their efficiency significantly wanes when faced with larger 

or more complex defects. Furthermore, certain pathological conditions, such as 

osteoporosis, diabetes mellitus type II, autoimmune disorder like rheumatoid 

arthritis, and the natural aging process can drastically impair or completely halt 

the spontaneous healing process (Hoff et al., 2017). Orthopedic surgery is often 

challenged by segmental bone defects, non-unions, and compound fractures, 

which present complex issues including substantial bone loss, compromised 

blood supply, heightened risk of infection, and the critical need for precise 

stabilization (Adamczyk et al., 2020). These multifaceted challenges highlight 

the crucial need for advanced medical interventions, which typically encompass 

bone grafting, surgical stabilization, and, in instances of infection, prompt 

antibiotic treatment and surgical debridement to prevent further complications. 

 In response to these challenges, BTE emerges as a pivotal field, offering 

innovative solutions for bone defect repair. 
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Figure 2. The illustration of bone healing stages after a fracture: (1) Hemostasis & inflammation phase: 

immediately after the fracture, blood vessels are damaged leading to a hematoma, which provides a matrix 

for new tissue. Various cell types like monocytes, polymorphonuclear leukocytes (PMNs), and 

mesenchymal stem cells (MSCs) migrate to the area, marking the beginning of the inflammatory phase. (2) 

Soft callus formation: as inflammation subsides, fibrocartilaginous callus forms. MSCs differentiate into 

chondroblasts forming a soft callus. This is also where macrophages play a role in both the inflammatory 

response (M1) and tissue repair (M2). (3) Hard callus formation: osteoblasts create new bone, converting 

the soft callus into a hard callus, while osteoclasts resorb excess bone. During this stage, hydroxyapatite 

(HA), a mineral essential for bone strength, is deposited. (4) Bone remodeling: the final stage where the 

structure of the bone is refined. Osteoclasts and osteoblasts work together to remodel the hard callus into 

mature lamellar bone, with osteocytes maintaining the bone matrix and hydroxyapatite providing strength 

and rigidity. This schematic diagram was graphically processed based on previous studies (Pfeiffenberger 

et al., 2021, Wang and Yeung, 2017). Graphic elements were generated by Servier Medical Art (provided 

by Servier, licensed under a Creative Commons Attribution 4.0 Unported License) and Biorender.com. 

1.2 Bone Tissue Engineering 

1.2.1 The Development of Bone Tissue Engineering 

The journey of BTE is a testament to humanity's enduring quest to mend what 

nature struggles to repair on its own. Tracing its origins to the 17th century, the 

field's rudimentary beginnings were marked by the pioneering efforts of Dutch 

surgeon Job Van Meekeren (Raymond J Fonseca, 2017). In those early days, 

the concept and practice of bone repair were primitive, relying on basic surgical 

techniques and a limited understanding of bone regeneration and healing 

processes. As centuries unfolded, BTE underwent transformative growth, fueled 

by an ever-deepening comprehension of bone biology, alongside the advent of 

novel materials and the seamless integration of burgeoning technologies into 

the fabric of medical practice. 

 The 20th century, in particular, heralded a watershed moment for BTE, 

marked by the introduction of biocompatible materials designed to act as 

scaffolds, thereby laying the groundwork for the growth of new bone tissue (Zhu 

et al., 2021, Desai and Hubbell, 1991). This era saw researchers embark on a 

quest to explore an array of substances—ranging from natural and synthetic 

polymers to ceramics and composites—in pursuit of the ideal amalgam of 

durability, flexibility, and biocompatibility (Desai and Hubbell, 1991, Dillow and 

Tirrell, 1998). In the present day, BTE stands as a vibrant interdisciplinary field 
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that merges biomaterials, living cells, and bioactive molecules to create 

constructs that do more than merely support—they actively facilitate the genesis 

of new bone (Alonzo et al., 2021). By adeptly mimicking the natural environment 

of bone, these engineered tissues are tailored to enhance the integration and 

proliferation of new bone cells, thus presenting a formidable challenge to the 

constraints of conventional bone repair methodologies. 

1.2.2 Key Factors for Successful Bone Tissue Engineering 

Achieving success in BTE is contingent upon a multidisciplinary fusion of 

insights from biology, materials science, engineering, and medicine. It hinges on 

several key factors that govern the interaction between biomaterials and the 

biological environment. These factors are crucial in ensuring the successful 

integration of engineered scaffolds with native bone tissue, facilitating bone 

repair and regeneration. The ensuing sections delineate the pivotal factors 

instrumental to the triumph of BTE endeavors (Figure 3): 

• Initial cell response: the surface properties of the material, including its 

chemistry (bioactive chemical groups, e.g., -OH, -COOH, -NH2), 

topography and roughness (micro- and nano-scale), can influence initial 

cell attachment and behavior (Anselme et al., 2011). This includes the 

attachment of osteoprogenitor cells and their subsequent proliferation 

and differentiation into osteoblasts (Anselme et al., 2011). The efficacy of 

biomaterials such as collagen, with its excellent cell-binding properties, is 

crucial for supporting a more robust and well-integrated bone formation. 

• Osteoconduction: a process in which a scaffold or structure facilitates 

the growth of new bone tissue by providing a surface on which bone-

forming cells can migrate, adhere and form new bone (Di Silvio and 

Jayakumar, 2009). It essentially acts as a guide for the natural bone 

growth process and facilitates the scaffold's amalgamation with the 

adjacent bone tissue (Zhu et al., 2022). Materials designed to be 

osteoconductive, such as calcium phosphates and collagen, provide a 

scaffold that has similar composition and structure to native bone, 

supporting the growth of new bone tissue from the edges of the existing 
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bone into the scaffold (Zhu et al., 2022). The porosity of the material is 

crucial, allowing for cell and blood vessel infiltration, which is essential for 

the integration of the new bone with the existing bone (Spece et al., 

2020). 

• Osteoinduction: a process that stimulates stem cells to differentiate into 

bone-forming cells, culminating in the creation of new skeletal tissue 

(Albrektsson and Johansson, 2001). This process is crucial for bone 

healing and regeneration, especially in areas where bone is not naturally 

present. Biomaterials can be engineered to be osteoinductive by 

incorporating biological factors like BMPs and bioactive cations that 

stimulate the differentiation of MSCs into bone-forming cells (Oliveira et 

al., 2021). This early induction of osteogenesis is vital for ensuring that 

new bone tissue forms and integrates effectively with the host bone. 

• Biodegradation rate: the optimal biodegradation rate for a scaffold 

should align with the pace of new bone growth, guaranteeing that the 

scaffold supports the regenerative process effectively. This ensures that 

the scaffold provides support during the early stages of healing but 

gradually transfers the load to the newly formed bone, facilitating 

integration. While collagen is a favored material due to its natural 

properties, it tends to degrade too quickly, potentially compromising 

scaffold stability before adequate bone formation. Synthetic polymers like 

polycaprolactone (PCL) and poly(lactic-co-glycolic acid) (PLGA) offer the 

advantage of greater stability and regulated biodegradation, ensuring 

they support bone growth without compromising structural integrity too 

early (Makadia and Siegel, 2011). However, these synthetic options often 

elicit a less favorable initial cellular response compared to collagen 

(Kyriakides et al., 2022), highlighting a critical area for material 

optimization in BTE. 

• Mechanical properties: the congruence of a material's mechanical traits 

with those of the host bone is crucial for effective integration. Materials 

like bioactive glasses (BGs) and reinforced composites are scrutinized 

for their capability to align with bone's mechanical characteristics, which 
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helps prevent issues such as stress shielding or scaffold overload 

(Bellucci et al., 2015). 

• Vascularization: materials like certain bioactive ceramics with proper 

porosity and mechanical strength are being extensively researched to 

promote angiogenesis and the formation of new blood vessels, ensure 

that the newly formed tissue is well-nourished and oxygenated, which is 

crucial for the survival of bone cells and the integration process (Wang et 

al., 2022). 

• Immunogenicity: the use of biocompatible materials like collagen and 

alginate, known for their minimal response, is crucial, as inflammation 

can hinder the healing and integration processes (Ketabat et al., 2017). 

 These elements collectively underscore the complexity and 

multidisciplinarity of BTE, highlighting the intricate balance between material 

properties and biological responses required to achieve successful outcomes in 

bone repair and regeneration. 

1.2.3 Advanced Strategies in Bone Tissue Engineering 

Following the delineation of key factors crucial for the success of BTE, the past 

decades have seen the emergence of advanced strategies that significantly 

enhance bone healing and regeneration. Central to these advancements are 

the contributions of materials science, which have led to the development of 

scaffolds that are biocompatible, osteoconductive, and, in some cases, 

osteoinductive (Oliveira et al., 2021). These scaffolds are essential for bone 

cells to infiltrate, proliferate, and differentiate, successfully replicating the 

intricate structure and function of natural bone (Gillman and Jayasuriya, 2021). 

Collagen-based scaffolds, in particular, have been highlighted for their 

compatibility with the organic component of the bone matrix, facilitating a 

conducive environment for cell attachment and the seamless integration of 

newly formed bone tissue (Fan et al., 2023b). 

 Furthermore, the strategic inclusion of bioactive ions, growth factors, and 

stem cell therapy within BTE constructs taps into the biological mechanisms of 

bone regeneration (Perez et al., 2015, Oliveira et al., 2021). Steering the 
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transformation of MSCs into osteoblasts and orchestrating the release of 

osteogenic factors, these approaches significantly bolster the regenerative 

potential of BTE constructs. As the field progresses, the synergy between 

innovative materials and these advanced technologies is paving the way for 

personalized, patient-specific treatments. Such methodologies promise to 

navigate the complexities of bone repair, providing superior outcomes and an 

enhanced quality of life for patients. 

 

Figure 3. The key factors contributing to successful bone tissue engineering (BTE), highlighting the 

importance of material properties, biological factors, and cellular interactions in the development of 

effective bone scaffolds. Those critical factors include initial cell response, osteoconduction, 

osteoinduction, osteogenesis, vascularization, biodegradation, mechanical properties, and 

immunogenicity. Graphic elements were generated by Servier Medical Art (provided by Servier, licensed 

under a Creative Commons Attribution 4.0 Unported License) and Biorender.com. 
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1.3 Collagen as a Scaffold for Supporting Bone Regeneration 

Collagen, as a scaffold material, stands at the forefront of supporting bone 

regeneration, embodying the convergence of natural biomimicry and 

engineering ingenuity. This protein, fundamental to the structure of the 

extracellular matrix, has been harnessed in BTE for its unparalleled 

biocompatibility and its intrinsic ability to enhance cell attachment, growth, and 

differentiation. 

 The strategic ultilization of collagen scaffolds in BTE leverages not only 

the material’s native structural characteristics but also its biochemical properties 

that are conducive to bone formation and healing (Li et al., 2021b). Collagen 

provides a physiologically familiar environment for bone cells, enhancing the 

scaffold’s integration with the surrounding bone tissue and promoting effective 

bone regeneration. This integration is critical in applications ranging from filling 

small bone defects to facilitating the repair of substantial skeletal discontinuities, 

where the scaffold’s role in guiding tissue growth becomes invaluable 

(Oosterlaken et al., 2021). 

 Another compelling attribute of collagen is its abundant availability from a 

wide range of sources, including bovine, porcine, and marine organisms, which 

provides a versatile foundation for scaffold development. Porcine-derived 

collagen, in particular, is preferred in BTE for its exceptional biocompatibility 

and low disease transmission risk, closely mirroring human collagen's amino 

acid composition, structure and functionality (Sharifi et al., 2019). Moreover, 

advancements in fabrication techniques have significantly enhanced the design 

and utility of collagen-based materials. Methods like lyophilization, 

electrospinning, and 3D bioprinting have been employed to create scaffolds with 

optimized porosity, mechanical strength, and architectural precision (Spece et 

al., 2020, Montalbano et al., 2021). 

 Nonetheless, the inherent physical and biochemical properties of 

collagen, on another hand, result in the limitations and challenges for collagen 

scaffolds’ application. Collagen is naturally susceptible to enzymatic 

degradation by collagenases and other proteolytic enzymes present in the body, 
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as well as hydrolytic degradation (Bhagwat and Dandge, 2018). This causes 

rapid degradation rate of collagen, which can compromise scaffold stability 

before adequate bone formation. The fabrication techniques employed also 

directly affect the scaffold's mechanical properties and degradation behavior. 

Furthermore, while providing excellent matrices for cell attachment and 

proliferation due to their biocompatibility and bioactivity, collagen scaffolds do 

not inherently possess osteoinductive properties—essential for successful bone 

regeneration (Cunniffe and O’Brien, 2011). 

 To address these challenges, research has been directed towards 

crosslinking methods to enhance scaffold durability and mechanical strength. 

Additionally, strategies that incorporate bioactive substances for osteoinduction 

and agents to promote osteogenesis and angiogenesis are being explored to 

overcome collagen's biological limitations, thereby stimulating bone formation 

and vascularization, and enhancing the scaffold's regenerative potential. 

1.4 Collagen Crosslinking Techniques 

The evolution of collagen crosslinking techniques encapsulates a remarkable 

journey of scientific innovation, primarily aimed at optimizing collagen's utility in 

biomedical applications. Initially, traditional chemical crosslinking agents like 

formaldehyde and glutaraldehyde was prevalent, driven by the demand for 

durable collagen-based materials in medical implants and sutures (Cheung et 

al., 1985). However, growing concerns regarding cytotoxicity and long-term 

biocompatibility steered research towards alternative crosslinking methods, 

including enzymatic and natural agents. This progression has paralleled an 

enhanced understanding of collagen's molecular structure and the body's 

inherent crosslinking mechanisms. Below is a summary of different crosslinking 

methods along with their respective benefits and obstacles: 

 Chemical crosslinking commonly involves carbodiimide (e.g., 1-Ethyl-3-

(3-dimethylaminopropyl)carbodiimide in combination with N-

Hydroxysuccinimide, EDC/NHS), or another plant-derived crosslinker, genipin 

(Figure 4). These agents offer high crosslinking efficiency, improved stability, 

mechanical strength, and a controlled degradation rate. Nontheless, despite 
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reduced cytotoxicity compared to glutaraldehyde, there remains a risk of 

residual chemicals in the collagen matrix, potentially leading to adverse 

biological responses (Islam et al., 2021). Moreover, excessive crosslinking or 

the use of certain chemical crosslinkers can alter collagen's natural structure, 

impacting cell and tissue interactions (Zhang et al., 2022b). Therefore, research 

is ongoing to develop more natural-derived agents, like dialdehyde starch 

(DAS), silane coupling agents (e.g., APTES), tannic acid, and other 

polyphenols, for effective crosslinking without compromising biocompatibility 

(Oryan et al., 2018). 
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Figure 4. Mechanisms of representative collagen chemical crosslinking. (A) Glutaradehyde crosslinking 

leads to imide crosslink formation (Olde Damink et al., 1995). (B) EDC/NHS mediated crosslinking results 

in a stable “zero length” isopetide bond (Pieper et al., 2000). (C) Genipin-induced crosslinking through ring 

opening and subsequent crosslink formation (Butler et al., 2003). 

 Enzymatic crosslinking in collagen utilizes enzymes like 

transglutaminase, lysyl oxidase, tyrosinase, and laccase, offering significant 

advantages such as biocompatibility and a reduced likelihood of triggering 

immune responses, along with enabling controlled, uniform crosslinking 

(Adamiak and Sionkowska, 2020a) (Figure 5). However, this method 

encounters challenges including the high costs associated with enzymes, their 

sensitivity to environmental factors that can affect stability and activity, and the 

difficulty in achieving an optimal balance between crosslink density and the 

preservation of collagen's natural properties (Adamiak and Sionkowska, 2020a). 

 
Figure 5. Mechanisms of representative enzymatic crosslinking methods. (A) Collagen crosslinking via 

transglutaminase, catalyzing the formation of an isopeptide bond between lysine and glutamine residues 

(Greenberg et al., 1991). (B) Oxidative collagen crosslinking, with tyrosinase or laccase enzymes, induces 

the formation of isopeptide and isodityrosine bonds, respectively (Jus et al., 2011). 
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 Physical crosslinking techniques for collagen, encompassing 

dehydrothermal treatment (DHT), lyophilization, and various irradiation methods 

such as UV, gamma, and electron beam rays, offer a safer approach without 

addition of cytotoxic crosslinker (Figure 6). These methods are not only efficient 

and cost-effective, but also capable of creating porous structures advantageous 

for tissue engineering applications (Zhang et al., 2012). However, they pose 

challenges in balancing crosslinking efficiency against the potential risk of 

damaging collagen structure (Adamiak and Sionkowska, 2020a). Achieving the 

desired levels of strength and durability without compromising the integrity of 

collagen remains a critical area of focus in these physical crosslinking 

processes. 

 
Figure 6. Representative physical crosslinking mechanisms. (A) DHT crosslinking pprocess. (Yannas and 

Tobolsky, 1967) (B) Proposed UVA/riboflavin collagen crosslinking mechanisms: Pathway-a is singlet 

oxygen-dependent, which produces imidazolone. This short-lived intermediate can then react with an 

uncapped nucleophile (Nu). Pathway-b invokes endogenous carbonyls (allysine) as a nucleophile in a 

subsidiary 1O2-dependent pathway. Pathway-c suggests that a self-activation product of riboflavin, 2,3-

butanedione could react strongly with endogenous carbonyls (McCall et al., 2010). 
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 In summary, while various crosslinking techniques have significantly 

advanced the functionality of type I collagen in tissue engineering, each method 

presents its unique set of benefits and challenges. Balancing efficiency, 

biocompatibility, and safety, while preserving collagen's intrinsic properties, 

remains a key focus of ongoing research. Among these diverse techniques, one 

particularly innovative method stands out for its unique approach and potential 

in specific applications: UVA and riboflavin crosslinking. This method has 

garnered significant interest in recent years, especially in the field of 

ophthalmology, and is now being explored for its applications in broader tissue 

engineering contexts. 

1.5 Ultraviolet A and Riboflavin Crosslinking 

Ultraviolet A and riboflavin (UVA/R) crosslinking technique, initially developed 

for keratoconus treatment in ophthalmology by Professor Theo Seiler and Dr. 

Eberhard Spoerl at Dresden University of Technology in Germany during the 

late 1990s, represented a pivotal advancement in non-invasive eye treatments 

(Spoerl et al., 1998). Their pioneering work utilized riboflavin, a naturally 

occurring vitamin B2, in conjunction with UVA light to fortify collagen fibers 

within the cornea, demonstrating a significant leap forward in eye care (Spoerl 

et al., 1998). Since its inception, the application of this method has broadened 

significantly, crossing into various medical fields. In tissue engineering, it has 

led to the development of innovative hydrogels designed to reduce 

postoperative adhesions, offering promising implications for enhancing recovery 

from laparoscopic surgeries (Wu et al., 2022). Additionally, UVA/R crosslinked 

acellular porcine cornea are under investigation as potential scaffolds for the 

Boston Keratoprosthesis, underscoring advances in biocompatibility and 

efficiency (Li et al., 2022). The technique has also paved the way for novel 

approaches in 3D bioprinting and organ-on-chip systems, showcasing the 

extensive and dynamic potential of UVA/R crosslinking across the spectrum of 

modern biomedical innovations (Lin et al., 2020c, Zandrini et al., 2022, Zhang et 

al., 2022a). 
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 The UVA/R crosslinking technique, promising for its medical and 

engineering applications, is hindered by incomplete understanding of its 

underlying mechanisms, building up barriers to clinical adoption and 

technological advancement. Central to the debate are the crosslinking sites on 

collagen, and riboflavin’s role in this photocrosslinking process. Some 

researchers advocate for a non-selective crosslinking approach (Uemura et al., 

2019, Zhang et al., 2011), others identify specific amino acids—such as lysine, 

histidine, arginine, tyrosine, methionine, tryptophan, and phenylalanine (Figure 
7)—as key sites for crosslinking (Yamauchi and Shiiba, 2008, Sharif et al., 

2017, Gabriela and Iulia, 2019, Fuentes-Lemus et al., 2018). Regarding 

riboflavin, the predominant theory suggests that riboflavin acts as a 

photosensitizer, generating reactive oxygen species (ROS) that promote 

collagen oxidation and subsequent polymerization, a process supported by 

numerous studies (Uemura et al., 2019, Kopsachilis et al., 2013, Raiskup and 

Spoerl, 2013). However, alternative perspectives argue for a more complex 

photochemical process that is significantly influenced by the presence of 

oxygen and/or the duration of UVA exposure (McCall et al., 2010, Sel et al., 

2014) (Figure 8). This divergence in understanding highlights the challenges in 

establishing standardized manufacturing protocols and poses difficulties for 

regulatory evaluations of medical devices utilizing this technology. 

 Bridging these scientific gaps is critical for advancing the application of 

UVA/R crosslinking in collagen-based technologies. Our study aims to delve 

into the fundamental mechanisms of UVA/R crosslinking, exploring both 

established and alternative theories to shed light on the complex interactions 

between collagen and riboflavin. Such insights are crucial for refining and 

enhancing the technique's effectiveness. Nevertheless, investigating these 

mechanisms within collagen proves challenging due to the dynamic nature of 

photochemical processes and the molecular complexity of collagen itself 

(Uemura et al., 2019, Wollensak et al., 2003, Spoerl et al., 2007). To dissect 

these complex mechanisms, advanced experimental setups and thorough 

analytical techniques are indispensable for accurately discerning the transient 

states and pathways involved in the process (Adamiak and Sionkowska, 2020b, 
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Lin, 2018, Subasinghe et al., 2018). Moreover, the variability in collagen's 

properties—affected by its source, type, processing methods, and 

environmental conditions—introduces additional complexities to the study, 

demanding a sophisticated and nuanced investigative approach (Pehrsson et 

al., 2021, Gu et al., 2019, Patel et al., 2018, Bielajew et al., 2020, Ali et al., 

2022). A comprehensive understanding of these crosslinking dynamics is 

essential for fostering the acceptance and clinical integration of UVA/R 

crosslinking techniques, representing a significant leap in the fields of 

biomedical engineering and regenerative medicine. 

 In essence, the UVA/R crosslinking method is distinguished by its 

innovative utilization of naturally occurring components and its promising 

potential across various biomedical applications. Addressing its present 

limitations and challenges is imperative for unlocking its full potential in 

regenerative medicine and tissue engineering, paving the way for 

groundbreaking advancements in these fields. 

 
Figure 7. Chemical structures and distribution of promising sites of UVA/R crosslinking in porcine type I 

collagen. This figure illustrates the molecular structures of seven amino acids and quantifies their 

occurrence within the helical (marked in black) and non-helical regions (marked in red) of porcine type I 

collagen, referencing the amino acid sequence from Uniprot. Y (tyrosine), K (lysine), R (arginine), M 

(methionine), H (histidine), W (tryptophan, not present in porcine collagen type I), F (phenylalanine). 
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Figure 8. Excitation of riboflavin (under UVA irradiation) and the two possible reaction mechanisms 

(Raiskup and Spoerl, 2013, Kamaev et al., 2012) 

1.6 Bioactive Substances for Improving Biofunctionalities of 
Collagen-based Scaffolds 

Integrating a range of bioactive substances to elicit a more favorable biological 

response is a critical strategy of advancing collagen-based scaffolds for bone 

regeneration. These bioactive additives not only complement the intrinsic 

properties of collagen but also endow the scaffolds with the necessary signals 

to support and direct the complex cascade of bone healing and tissue 

formation. 

1.6.1 Strategies for Bioactive Integration in Collagen-based Scaffolds 

The enrichment of collagen-based materials with bioactive substances is a 

sophisticated approach aimed at elevating the regenerative capacity of 

scaffolds. A prevalent method involves embedding growth factors, such as 

BMPs, TGF-β, and VEGF, within collagen matrices (Toosi and Behravan, 

2020). These factors substantially promote osteoinduction, stimulate 

osteogenesis, and facilitate angiogenesis, though their application necessitates 

careful control over release kinetics to mitigate high-dose side effects (Oliveira 

et al., 2021). Moreover, growth factors are typically expensive to produce and 
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purify, as well as difficult to maintain the stability, which limit their use in larger-

scale applications (Gillman and Jayasuriya, 2021, Sarrigiannidis et al., 2021). 

 The strategic addition of minerals like hydroxyapatite or bioactive 

glasses, aim to replicate the inorganic phase of bone within collagen scaffolds, 

thus improving osteoconductivity and scaffold stiffness. However, achieving a 

uniform distribution of these minerals in the collagen matrix can be challenging, 

and there’s a risk of altering the scaffold's biocompatibility and mechanical 

integrity (Wang et al., 2021). 

 Peptide functionalization is another targeted approach that mimics the 

biological signals of growth factors or matrix proteins by attaching bioactive 

peptides to the collagen substrate (Malcor and Mallein-Gerin, 2022). This 

method, while relatively more cost-effective compared to growth-factor delivery, 

demands an intricate understanding of peptide-collagen interactions and the 

stabilization of these bioactive peptides within physiological conditions (Luo and 

Kiick, 2017). 

 Other promising strategies like gene delivery systems, utilizing vectors 

embedded within the collagen matrix, introduce a transformative potential for in 

situ production of therapeutic molecules (Morshed et al., 2020). However, this 

innovation is met with intricate regulatory considerations and necessitates a 

thorough evaluation of vector safety (Hosseinkhani et al., 2023). Cell-seeding 

strategies directly infuse viable cells such as MSCs into collagen scaffolds, with 

the intent to enhance intrinsic biological activity and tissue integration. A 

significant challenge is ensuring cell survival and uniformity post-integration, 

coupled with a profound understanding of the ethical and regulatory frameworks 

governing cell-based therapies (Wu et al., 2018, Li et al., 2021a). Explorations 

into nanoparticle-mediated delivery systems have unveiled the potential for a 

sustained and controlled release of bioactive molecules (Edmundson et al., 

2013). Nevertheless, the development of such systems must rigorously address 

concerns over nanoparticle toxicity and stability to ensure clinical viability (Fathi-

Achachelouei et al., 2019). 

 In sum, while the incorporation of bioactive substances into collagen-

based materials offers promising enhancements in BTE, it presents a complex 
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balance between efficacy and safety. These limitations underscore the need for 

alternative approaches that can provide a more harmonious integration with the 

collagen matrix while maintaining robust biofunctional activity. 

1.6.2 Bioactive Ions as Functional Enhancers in Collagen-Based 
Scaffolds  

The incorporation of bioactive ions into collagen-based scaffolds represents a 

cornerstone strategy in BTE due to their fundamental roles in promoting bone 

health and facilitating regeneration. Simple in integration yet profound in effect, 

these ions are instrumental in processes ranging from bone mineralization to 

intracellular signaling (Charbonnier et al., 2021) (Figure 9). 

 Calcium, for instance, the primary mineral component of bone, bolsters 

the osteoconductivity of collagen scaffolds and supports hydroxyapatite 

deposition, which is essential for bone mineralization (Hoveidaei et al., 2023). At 

the cellular level, it engages in signaling pathways such as the 

Wingless/Integrated (Wnt)/β-catenin route, central to osteoblast differentiation 

and bone formation, and influences the release of growth factors and cytokines 

imperative for remodeling and repair (LaGuardia et al., 2023, Liu et al., 2023). 

Magnesium, another pivotal cation, stimulates bone cell activities and serves as 

an enzymatic cofactor, vital for the synthesis of nucleic acids and proteins. Its 

role extends to activating key pathways like mitogen-activated protein 

kinase/extracellular signal-regulated kinase (MAPK/ERK), further underpinning 

its contribution to bone formation and healing (Bosch-Rué et al., 2023, Luo et 

al., 2023). Meanwhile, copper is involved in synthesizing collagen and elastin, 

components critical for bone matrix structure and elasticity, by activating lysyl 

oxidase for crosslinking these proteins, thus enhancing the matrix's mechanical 

strength and resilience (Harris et al., 1980, Lin et al., 2020a). Furthermore, 

copper facilitates angiogenesis, essential during bone healing's initial stages, 

and modulates the immune response, indirectly influencing bone regeneration 

(Yoshida et al., 2023). 

 Compared to complex bioactive molecules, these ions offer a streamlined 

approach for scaffold integration, resulting in a uniform and economical 



1. Introduction 

 

    24 

improvement of both mechanical and biological scaffold properties. Their 

intrinsic biocompatibility reduces the likelihood of adverse immune responses, a 

contrast to the potential complexities linked with growth factors (Su et al., 2023). 

Yet, challenges persist in achieving controlled and sustained ion release at 

therapeutic levels and ensuring even ion distribution—factors crucial for uniform 

scaffold performance and consistent regeneration outcomes. Moreover, the 

investigation into the synergistic effects of various ions introduces additional 

complexity. 

 To fully harness the regenerative potential of bioactive ions within 

collagen-based scaffolds, it is essential to develop advanced encapsulation and 

delivery systems capable of managing the intricate interactions and controlled 

release of these ions. A thorough comprehension of release kinetics and the 

synergistic interaction among multiple ions is imperative for maximizing their 

functional advantages. Addressing these technical complexities is key to 

ensuring that collagen scaffolds can effectively meet the multifaceted demands 

of modern BTE applications. 

 
Figure 9. The multifaceted roles of various ions across processes like immunoregulation, osteoinduction, 

osteogenesis, angiogenesis and tissue vascularization in bone regeneration and tissue engineering. Ions 

that enhance the above processes are labeled as blue, while ions that show inhibition effect are labeled as 

grey (Zhao et al., 2023). 
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1.7 Objectives 

Collagen, serving as an indispensable component in BTE, is crucial for effective 

bone defect healing and repair. The UVA/R crosslinking technique presents as 

a promising method to address the primary limitations of collagen scaffolds, 

including their degradation rate and mechanical properties, without 

comprimising their biocompatibility. Moreover, the integration of controllable 

release system of bioactive ions could effectively improve the biofunctionalities 

of collagen-based scaffolds. However, several challenges and uncertainties 

remain in this field, which need to be addressed to translate these 

advancements into clinical benefits. To overcome these challenges, this project 

aims to fulfill the five main objectives below: 

• Advancing UVA/R collagen crosslinking process: to identify and 

optimize the suitable parameters for UVA/R collagen crosslinking. This 

will include determining the optimal conditions for collagen preparation, 

riboflavin concentration, UVA irradiation intensity, and exposure time. 

The physicochemical properties of the crosslinked collagen matrix, such 

as stiffness, viscosity, and degradation rate, will be thoroughly evaluated 

to establish the feasibility and efficacy of this strategy. 

• Assessing UVA/R crosslinking against chemical methods: to 

conduct a comparative analysis of UVA/R crosslinked collagen matrix 

with those crosslinked with two chemical methods (EDC/NHS and 

genipin). This will encompass assessing crosslinking efficiency, 

mechanical properties, thermal stability, degradation resistance in 

physiological and enzymatic environments, and biological properties 

including cytotoxicity, cell attachment, and proliferation. 

• Development of injectable composite material: to develop an 

injectable composite material, combining UVA/R crosslinked collagen 

with a synthetic biphasic bone substitute. Manufacturing techniques will 

be established, and the material's properties, including the morphology of 

the collagen matrix, injectability, biocompatibility (material cytotoxicity, 

osteoblast proliferation), in vivo compatibility, and tissue response, will be 

examined. 
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• Exploration of UVA/R crosslinking mechanism: A key objective 

delves deeply into unraveling the intricacies of the UVA/R crosslinking 

process. This exploration is critical to enhancing our understanding of 

how this technique fundamentally alters the collagen matrix at a 

molecular level. This will focus on identifying primary crosslinking sites 

within the collagen structure using synthetic peptides, aiming to uncover 

where crosslinking occurs and its impact on the collagen matrix. 

Additionally, the investigation will delve into the riboflavin-mediated 

photochemical reactions, particularly understanding how UVA light and 

riboflavin interact to induce crosslinking in this process. Unraveling these 

mechanisms is crucial for refining the crosslinking technique and its 

application in tissue engineering. 

• Development of a bioactive ion encapsulation system: to develop an 

advanced encapsulation system capable of delivering multiple bioactive 

ions, such as calcium, magnesium, and copper, enhancing the bioactivity 

of collagen-based scaffolds. This encapsulation system is designed to 

control the release of these ions steadily over time, which is critical for 

maintaining an optimal environment for bone regeneration. 

 To address these objectives and substantially advance the application of 

UVA/R crosslinked collagen in BTE, the methodology and progression of this 

project are depicted in Figure 10. This figure outlines the comprehensive 

approach of the study, with a primary focus on enhancing the mechanical 

strength and stability of collagen through UVA/R crosslinking. Additionally, it 

details the improvement of collagen-based materials' functionalities through the 

controlled release of multiple bioactive cations. These enhancements aim to 

increase the effectiveness of collagen-based scaffolds for tissue regeneration, 

moving these innovations closer to clinical application. 
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Figure 10. Flowchart or project methodology, progression, and outcomes. This diagram illustrates the 

comprehensive approach of the study, primarily focusing on the enhancement of collagen’s mechanical 

strength and stability through UVA/R crosslinking, and the improvement of collagen-based material’s 

functionalities via controlled release of multiple bioactive cations. The flowchart delineates the sequential 

steps, from developing collagen UVA/R crosslinking to decipher the sophisticated photocrosslinking 

mechanism, alongside the innovation of a bioactive cation encapsulation system, CaCuMg-CO3/PEM/Col, 

leading to pivotal research outcomes: 2.1, 2.2, 2.3. These findings are elaborated upon Section 2. Results. 
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2. Results 

2.1 Evaluation of Injectable Composite Material Comprising Biphasic 
Bone Substitutes and Crosslinked Collagen                                                                 
Fan, L., Ren, Y., Burkhardt, C., Jung, O., Schnettler, R., Barbeck, M., 
& Xiong, X. (2023). Advanced Engineering Materials, 25(19), 2300508. 

2.1.1 Summary and Major Findings 

Annually, millions of people around the globe suffer from bone defects, 

significantly impacting their life quality and functional abilities. Irregularly shaped 

bone defects pose substantial reconstructive challenges. This study in focus 

sought to create and evaluate an injectable material, composed collagen type I 

and bone substitutes, specifically tailored for irregularly shaped bone defects 

healing. 

 Drawing inspiration from the cornea crosslinking technique using 

ultraviolet A and riboflavin (UVA/R) for treating keratoconus, we established a 

photochemical crosslinking approach to functionalize the collagen matrix. This 

innovative composite is designed to adapt seamlessly to the unique contours 

and dimensions of bone defects, offering a personalized fit that enhances 

treatment efficacy. The photochemically crosslinked collagen matrix (xCol), as 

revealed through scanning electron microscopy (SEM), exhibits an 

interconnected, porous, and fibrous three-dimensional structure, which is 

advantageous for facilitating cell infiltration and enhancing material-cell 

interactions. Furthermore, rheological analysis indicated that the crosslinking 

process significantly enhanced storage modulus (G’) of the material, while 

maintaining a consistent loss modulus (G’’). These rheological characteristics 

are crucial for the injectability of collagen, ensuring the versatility as a 

biomaterial. Additionally, this structure provides an ideal extracellular matrix 

(ECM) microenvironment conducive to the activity of bone regeneration-related 

cells, such as osteoblasts and osteoclasts. 

 This study found that crosslinked collagen matrices (xCol) were 

significantly more resistant to degradation than non-crosslinked collagen (Col) 
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matrices. The Col matrices rapidly lost their structure within 24 hours, whereas 

xCol matrices better maintained their form. Notably, after 72 hours, the xCol 

samples preserved much of their shape, while the Col samples had completely 

disintegrated in PBS. GPC analysis showed a substantial molecular weight 

difference between the two, with xCol at 951 kD and Col at 565 kD, 

demonstrating the effectiveness of UVA and riboflavin crosslinking in stabilizing 

collagen structure during in vitro degradation. 

 To obtain the injectable composite material, the optimized collagen 

matrix was mixed with 0.005% riboflavin, then integrated with BBS materials, 

further treated using UVA irradiation. The BBS, comprising hydroxyapatite (HA) 

and β-tricalcium phosphate (β-TCP), served as the inorganic fraction. This 

composite underwent a controlled precipitation process, formed an 

interconnected porous network. The resulting composite material, incorporating 

the optimized crosslinked collagen matrix and BBS, demonstrated excellent 

injectability and stability. 

 Biocompatibility evaluations of this composite via XTT and BrdU assays 

on fibroblast and preosteoblast cultures indicated excellent compatibility, with 

over 80% cell viability and high metabolic activity. However, cell proliferation 

within the composite was up to 40% lower than in control media. This suggests 

that cell growth is subject to modulation by various signals within the composite 

environment. To comprehensively understand the material's potential in clinical 

applications, further studies focusing on cell differentiation and tissue 

regeneration processes are essential. Such investigations will provide deeper 

insights into the material's efficacy in supporting tissue healing and 

regeneration. 

 The findings from this study underscore that the developed collagen-

based composite materials exhibit high biocompatibility, positioning them as 

promising candidates for use as injectable biomaterials in a variety of surgical 

procedures. This research represents a significant stride in the functionalization 

of collagen matrices for bone regeneration, offering a viable solution for 

managing complex bone defects. An area warranting further exploration is the 

mechanism underlying the photochemical UVA and riboflavin crosslinking 
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technique. Delving deeper into this process could lead to more controlled 

collagen crosslinking, achieving optimized biomechanical properties with a 

better equilibrium between stability and degradability. Such advancements 

would enhance the material's clinical applicability and effectiveness. 

Additionally, it is crucial to investigate the in vivo immunological response to 

these materials, particularly considering the potential risks associated with 

collagen derived from animal sources. Understanding the immune response in a 

live organism context will be essential for ensuring the safety and efficacy of 

these materials in clinical settings. This aspect of research will provide critical 

insights into the long-term viability and acceptance of these biomaterials in the 

human body, paving the way for their successful application in bone 

regeneration therapies. 

2.1.2 Personal Contribution 

My involvement in this research was multifaceted and substantial. I collaborated 

in the design of the experiments and actively participated in their execution. 

This included preparing samples, conducting rheological analysis, and carrying 

out degradation studies. Additionally, I was responsible for the comprehensive 

evaluation of all the experimental results, as well as writing and revision of the 

manuscript.  
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2.2 Deciphering UVA/Riboflavin Collagen Crosslinking: A Pathway to 
Improve Biomedical Materials 

Fan, L., Jung, O., Herrmann, M., Shirokikh, M., Stojanovic, S., Najman, 

S., Körte, F., Xiong, X., Schenke-Layland, K., & Barbeck, M. (2024). 

Advanced Functional Materials, 2401742. 

2.2.1 Summary and Major Findings 

Since its initial application in the 1990s for treating keratoconus, collagen 

crosslinking using ultraviolet A rays and riboflavin (UVA/R) has significantly 

evolved, gaining prominence in the development of innovative hydrogels, 

scaffolds, and implants across various biomedical domains. Building on the 

findings of our previous study (section 2.1), where UVA/R crosslinking 

demonstrated its potential in enhancing biomechanical properties and stability 

of an injectable composite material, this study delves deeper into the intricacies 

of the UVA/R crosslinking process. 

 Despite its widespread application, the precise mechanism underlying 

UVA/R collagen crosslinking has remained an area of active research and 

debate, with several aspects yet to be fully understood. Recognizing the need 

for a deeper understanding and the imperative for a refined manufacturing 

process for collagen functionalization, this study aimed to unravel the UVA/R 

collagen crosslinking process. The focus was primarily on identifying the 

primary sites of crosslinking within collagen using synthetic peptides and 

exploring the pathways of riboflavin-mediated photochemical crosslinking. 

 In this study, seven synthetic peptides representing key amino acids—

tyrosine, lysine, arginine, methionine, histidine, tryptophan, and phenylalanine—

were employed to pinpoint specific sites of crosslinking in the UVA/riboflavin 

collagen crosslinking process. Liquid chromatography–mass spectrometry (LC-

MS) analysis revealed that covalent crosslinking linkages occurred exclusively 

in tyrosine-containing peptides following UVA/R treatment. Additionally, di-

tyrosine formation was observed in UVA/R crosslinked collagen hydrolysates. 

Considering the tyrosine residue content in porcine type I collagen's protein 

sequence, the crosslinking efficiency of tyrosine within the collagen matrix was 
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estimated to be at least 14.3%. This evidence of di-tyrosine in hydrolyzed 

UVA/R crosslinked collagen underscores the unique role of tyrosine in the 

crosslinking process, confirming its practical significance in collagen matrices. 

Moreover, our study reveals riboflavin’s dual role in collagen crosslinking as 

both photosensitizer and substrate. Investigation into the ratios of tyrosine to 

riboflavin in both peptide and collagen systems showed a positive correlation 

between crosslinking efficacy and lower riboflavin concentrations, inversely 

proportional at higher concentrations. For example, in collagen, increased 

storage modulus was observed at lower riboflavin concentrations, which 

declined sharply at higher levels. A theoretical kinetic model inspired our 

discovery: the crosslinking efficiency is markedly sensitive to riboflavin 

concentration, particularly in environments with consistent oxygen availability. 

Riboflavin initially acts as a photosensitizer, generating reactive oxygen species 

for crosslinking, predominantly at tyrosine residues. At higher concentrations, 

riboflavin's participation in the reaction diminishes crosslinking efficiency, 

suggesting an intricate balance between riboflavin concentration and collagen 

matrix properties. Our findings identify tyrosine as the primary site for collagen 

crosslinking in UVA/riboflavin processes, with an estimated crosslinking 

efficiency of at least 14.3% within the collagen matrix. Additionally, it reveals 

riboflavin's dual role as both a photosensitizer and a competitor in collagen 

crosslinking, where its concentration critically influences the crosslinking 

efficacy and mechanical properties of the collagen matrix. 

 Raman spectroscopy's molecular fingerprinting highlighted differences in 

collagen crosslinked by UVA/R and EDC/NHS methods, underscoring tyrosine's 

critical role in UVA/R crosslinking, and lysine and hydroxylysine in EDC/NHS 

crosslinking. These spectroscopic insights also suggest Raman spectroscopy 

as a promising technique for guiding collagen functionalization in advanced 

biomedical applications. 

 Comparative analysis of UVA/R and chemical crosslinkers (EDC/NHS 

and genipin) on collagen matrices showed UVA/R's comparable efficacy 

through size exclusion chromatography (SEC) analysis of collagenase-

degraded matrices. UVA/R crosslinked collagen matrices exhibited a cleaner 
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profile with less fragmentation, suggesting a safer in vivo profile. Rheological 

analysis, differential scanning calorimetry (DSC), and degradation evaluations 

revealed that UVA/R crosslinked collagen (Xcol_UVA/R) offers an optimal 

balance of stiffness, flexibility, stability, and degradability. This highlights its 

potential for developing collagen-based scaffolds in regenerative medicine. 

 In vitro cytotoxicity tests underscored Xcol_UVA/R's superior 

performance, supporting cell survival and proliferation. In contrast, the non-

crosslinked collagen scaffold, despite being biocompatible, lacked structural 

integrity for effective cell-material interaction. Lower cell viability on 

Xcol_EDC/NHS and Xcol_Genipin scaffolds raised concerns about their 

cytotoxicity, highlighting the comparative advantage of Xcol_UVA/R in 

supporting cellular activities. 

 The histological assessment of subcutaneous implants demonstrates 

UVA/riboflavin crosslinking's effectiveness in enhancing collagen matrices' 

biostability and integration. The initial acute immune response, indicated by the 

presence of pro-inflammatory macrophages, transitions towards an anti-

inflammatory profile in the BS-Xcol_UVA/R group, suggesting a conducive 

environment for tissue repair. These findings support the potential of UVA/R 

crosslinked collagen in influencing the immune environment favorably. 

 The findings from these investigations lay a robust foundation for the 

innovative design and application of collagen-based biomaterials, advancing 

biomedical technology and opening new scientific horizons with wide-reaching 

implications. These insights pave the way for further exploration into the use of 

photochemically crosslinked biomaterials in tissue engineering and regenerative 

medicine. Understanding the underlying mechanisms of these observations is 

crucial for fully harnessing their potential in clinical settings, particularly for 

achieving controlled immune responses essential for the successful integration 

and functionality of implants. 

2.2.2 Personal Contribution 

My role was integral in the experiment's conceptualization and execution, 

encompassing most of the in vitro experiments like SDS-PAGE, CD 
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spectroscopy, rheological characterizations, DSC analysis, and cytotoxicity 

tests. SEM, Raman spectroscopy, and LC-MS analysis were conducted with 

colleagues' guidance. I also prepared samples for in vivo implantation, although 

animal experiments were performed by colleagues. Furthermore, I was 

responsible for the thorough evaluation and presentation of all experimental 

results, along with the writing and revision of the manuscript. 
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2.3 Encapsulated Vaterite-Calcite CaCO3 Particles Loaded with Mg2+ 
and Cu2+ Ions with Sustained Release Promoting Osteogenesis 
and Angiogenesis                                                                                                   
Fan, L., Körte, F., Rudt, A., Jung, O., Burkhardt, C., Barbeck, M., & 
Xiong, X. (2022). Frontiers in Bioengineering and Biotechnology, 10, 
983988. 

2.3.1 Summary and Major Findings  

Although collagen serves as an ideal osteoconductive matrix for new bone cell 

adhesion and proliferation, especially with enhanced mechanical properties and 

stability by UVA/R crosslinking process, it may be insufficient for inducing bone 

formation in larger or more complex defects. The role of bioactive ions like 

calcium (Ca2+), copper (Cu2+), and magnesium (Mg2+) emerges as an 

economical substitute for protein-based bone healing treatments, effective even 

in sparse amounts and augmenting bone grafts with essential functionalities. 

Nevertheless, fine-tuning their release and comprehending the collective 

influence on bone repair remains an area for continued research. 

 In this work, the CaCO3 vaterite-calcite, incorporated with Cu2+ and Mg2+, 

were coated with a polyelectrolyte multilayer (PEM) through a sequential 

application process. This enhancement bolstered the particles' stability and 

compatibility with biological tissues, while also moderating the metal ion 

release. The final layer of collagen on the polymeric shell further fostered an 

optimal osteoconductive setting for bone tissue repair. 

 To ensure stable encapsulation and controllable release, various 

microcapsule formulations with four different ratios of Ca²⁺, Cu²⁺, and Mg²⁺ were 

prepared by coprecipitation. In the coprecipitation system, the morphology of 

the resulting particles, which is crucial for their performance, is predominantly 

influenced by two factors: the amount of calcium salt and the ionic interactions 

between Ca²⁺ and the added Cu²⁺ and Mg²⁺ ions. These factors determine the 

crystal varieties formed, thereby affecting the ion release kinetics of the 

particles, which is essential for their application in bone regeneration. Different 

crystal forms lead to distinct dissolution behaviors, influencing how ions are 

released over time. For instance, particles with a 40%:30%:30% ratio, 
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predominantly in the vaterite-calcite phase, demonstrated a stable Cu²⁺ release 

over two months without initial burst, and a gradual release of Mg²⁺ in the initial 

week, as measured by ICP-OES. This highlights the importance of controlling 

ion release kinetics for long-term bone regeneration. 

 Cytotoxicity studies using fibroblasts L929 determined a safe dosage 

range for the CaCuMg-PEM-Col microcapsules. Lower extract concentrations 

showed decreased cytotoxicity, with cell viability dropping below 70% only 

above 1% extract concentration. This concentration corresponded to Cu²⁺ and 

Mg²⁺ levels of approximately 15.63 μM and 4.17 μM, respectively. Various 

microcapsule extracts, including Ca-PEM, CaCu-PEM, CaMg-PEM, CaCuMg-

PEM, and CaCuMg-PEM-Col, indicated favorable biocompatibility. Notably, 

CaCuMg-PEM-Col extracts demonstrated higher cell viability, potentially due to 

collagen's desorption and its mitigating effect on ion toxicity. 

 Cell proliferation and differentiation studies with MG63 osteoblast-like 

cells showed that CaCuMg-PEM-Col microcapsules effectively promoted cell 

growth and differentiation. Initially, these microcapsules exhibited higher ALP 

activity in the early stages of differentiation among other groups, followed by a 

significant decrease at day 14, indicating the synergistic osteogenic effect of 

Ca²⁺, Cu²⁺, Mg²⁺, and collagen. Additionally, optimal matrix mineralization was 

observed at a later stage (Day 21), highlighting the microcapsules' efficacy in 

enhancing osteogenic processes. 

 Bone regeneration involves key phases of cell proliferation, ECM 

maturation, and mineralization marked by distinct gene expression shifts. MG63 

cell expression related to osteogenesis and angiogenesis was probed, with 

CaCuMg-PEM-Col microcapsules bolstering osteogenesis and angiogenesis 

genes. The observed synergy between copper, magnesium, and collagen type I 

in promoting angiogenesis underscores these microcapsules' role in bone 

repair. 

 In conclusion, the CaCuMg-PEM-Col microcapsules developed in this 

study facilitated sustained release of Ca²⁺, Cu²⁺, and Mg²⁺, creating an 

environment conducive to bone regeneration, enhancing osteoblast 



2. Results 

 

    62 

proliferation, differentiation, ECM maturation and mineralization. The 

upregulation of osteogenic and angiogenic genes confirms CaCuMg-PEM-Col 

microcapsules' efficacy as bioactive systems for bone grafting applications, 

complementing UVA and riboflavin crosslinked collagen scaffolds. 

2.3.2 Personal Contribution 

In this segment of the study, involved was mainly responsible for 

conceptualization of the experiments. I was responsible for conducting most of 

the experimental work, with the exception of ICP-OES measurements, which 

were carried out by an analytical service provider. Additionally, I took charge of 

analyzing the data from all results and was instrumental in preparing the initial 

draft of the manuscript. Furthermore, I played a key role in critically revising the 

manuscript, incorporating suggestions from peer reviewers to enhance its 

quality and relevance. 
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3. Discussion and Outlook 

3.1 Refining UVA/R Crosslinking Process for Specific Collagen 
Systems 

The UVA/R crosslinking technique, initially a groundbreaking advancement in 

corneal strengthening for keratoconus treatment (Spoerl et al., 1998), has 

evolved into an effective and biocompatible method for wider applications in 

collagen crosslinking. For corneal treatment, the UVA/R procedure typically 

includes steps like corneal epithelium abrasion followed by applying a 0.1% 

riboflavin solution mixed with 20% dextran every 3 minutes for 30 minutes. This 

is succeeded by a carefully timed exposure to UVA light, specified at 370 ± 5 

nm wavelength and 3 mW/cm² irradiance, for 30 minutes (Spoerl et al., 2007). 

This regimen is designed to achieve deep penetration and thorough saturation 

within the corneal stroma while protecting the underlying corneal endothelium 

(Spoerl et al., 2007). However, applying the protocol unmodified to other 

collagen systems may not yield the desired outcomes due to differing tissue 

characteristics and material requirements. Hence there is a compelling need for 

customized optimization of the UVA/R crosslinking process tailored to the 

specific requirements of various collagen-based systems, ensuring the distinct 

properties and functional demands of each application. 

 The efficiency and potential damage of UV light in crosslinking processes 

are influenced by its wavelength, irradiance, and exposure time (Spoerl et al., 

2007). UVA at 370 ± 5 nm are chosen for riboflavin activation, which resonates 

with its absorption peak. Short exposure time up to 120 minutes (21.6 J/cm2), 

can curb photochemical injury through inherent antioxidative defenses of the 

lens (Andley and Clark, 1989). In our study, the results revealed that the optimal 

mechanical strength in crosslinked collagen matrices was achieved with UVA at 

370 nm and 3 mW/cm2, yielding a total dose of 10.8 J/cm2 per side (Fan et al., 

2024). In pursuit of a more efficient and faster UV crosslinking process, there 

have been explorations into using UVB ray (280-315 nm), which has more 

energy per photon than UVA (Görlitz et al., 2023). However, UVB’s potential for 

quicker crosslinking is tempered by concerns over possible material and cellular 
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damage, including DNA damage, making it less appropriate for cell-containing 

materials or direct application to living tissues (Leung and Murray, 2021). The 

risk of photokeratitis associated with UVB, particularly at dose between 0.12 

and 0.56 J/cm2, raises additional concerns (Olsen and Ringvold, 1982). 

Explorations into application of shorter wavelength UV irradiation (λ = 254 nm) 

across a range of intensities (from 0.06 to 0.96 J/cm2) for crosslinking collagen- 

and gelatin-based scaffolds indicate that, although effective, there is still an 

increased risk of denaturation or damage to the collagen structure (Davidenko 

et al., 2015). This risk is particularly pronounced at the highest tested intensity 

of 0.96 J/cm2 (Davidenko et al., 2016). These findings underscore the 

importance of carefully balancing UV intensity and exposure duration in the 

cross-linking process to ensure integrity and safety of the scaffolds. 

 The UV penetration depth in tissues or collagen-based materials is 

influenced by the UV wavelength, riboflavin amount, tissue or material density, 

and optical properties. For example, UVB light, with its shorter wavelength and 

higher energy photons, tends to penetrate less deeply than UVA, making it 

more effective for surface crosslinking in thinner materials like films or 

membranes (Sionkowska, 2005). On another hand, its limited penetration depth 

poses challenges for thicker materials, potentially leading to uneven 

crosslinking (Grewal et al., 2009). Contrarily, UVA light can penetrate several 

millimeters into biological tissues or materials like collagen scaffolds, a 

capability often underappreciated due to the misconception of its limitation to 

400 μm in corneal crosslinking (Ash et al., 2017, Finlayson et al., 2022). 

Currently, precise measurements and detailed investigations of UVA light 

penetration in specific types of collagen-based materials are still scarce and 

necessary. In our research, the preparation of a stable and homogenized 

collagen foam (Ole et al., 2023), followed by riboflavin incubation, not only 

established the basic porous structure but also enhanced the optical properties 

for UVA penetration. This led to a crosslinked collagen matrix with homogenized 

morphology and mechanical properties extending 3-5 mm into the material. This 

advancement opens new avenues for the development of robust and functional 
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scaffolds, extending the applicability of UVA/R crosslinking technology in the 

field of regenerative medicine. 

 The riboflavin concentration is another pivotal parameter in the UVA/R 

crosslinking process (Iseli et al., 2011). The UVA absorption coefficient is 

proportional to the riboflavin concentration up to a threshold of 0.04% (Spoerl et 

al., 2007). Beyond this threshold, for example, 0.1% commonly applied in 

corneal crosslinking, typically aimed at ensuring tissue saturation and safety 

(Zhang et al., 2016). When applied to different materials and objectives, like 

dentin strengthening or enhancing the mechanical properties of collagen gels, 

the concentration of riboflavin and its process conditions vary significantly 

(Zhang et al., 2016, Mazzotta et al., 2021). For example, Uemura et al. 

demonstrated that dentin treated with a 0.1% riboflavin solution followed by 

1,600 mW/cm2 UVA irradiation for 10 minutes yielded the highest flexural 

strength and contributed to prevent the root caries (Uemura et al., 2019). In 

contrast, when enhancing collagen gel mechanical properties, as demonstrated 

by Heo et al., a different approach is taken due to the absence of tissue barriers. 

Their work with a meniscus scaffold used a lower riboflavin concentration 

(0.01%), shorter pre-incubation (20 minutes), and UV exposure time (3 minutes) 

to optimize viability and elasticity (Heo et al., 2016). Interestingly, our research 

demonstrated that a riboflavin concentration of 0.013%, which was derived from 

a specific tyrosine residues/riboflavin molar ratio of 1/0.25, yielded the highest 

elasticity as well as degradation resistance for the collagen matrix (Fan et al., 

2024). During the material fabrication process, a notable advantage is the ability 

to thoroughly mix water-soluble riboflavin directly with collagen, ensuring the 

uniform penetration and distribution throughout the material. It is important to 

note that while riboflavin is water-soluble, its solubility is around 0.07 g/L 

(approximately 186 μM) at 20 °C, and 0.10-0.13 g/L (approximately 265.7-345.4 

μM) at 25-27.5°C (1972). This brings up an interesting question: can riboflavin 

solutions with concentrations exceeding these solubility limits still be uniformly 

and effectively mixed with collagen materials? This consideration is critical in 

ensuring the effective and homogeneous integration of riboflavin into the 

collagen matrix for optimal crosslinking. 
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 Thus, customizing the UVA/R crosslinking parameters is crucial for 

expanding the technique's utility beyond corneal applications, enabling its 

successful integration into the wider landscape of regenerative medicine and 

tissue engineering. 

3.2 Unraveling the Mechanisms of UVA/R Collagen Crosslinking  

The UVA/R crosslinking process, while initiated by the photoactivation of 

riboflavin to produce reactive oxygen species, is significantly influenced by 

collagen's molecular structure and the complex interactions with riboflavin 

(Hatami-Marbini and Jayaram, 2018, Chen et al., 2024). Contrary to a simplistic 

perception of riboflavin merely acting as a photosensitizer, leading to non-

specific covalent bonding within the collagen structure, our research illuminates 

the crosslinking sites on collagen, and the nuanced relationship between 

riboflavin concentration and its efficacy (Fan et al., 2023a, Fan et al., 2024). 

 When exposed to UVA light, riboflavin indeed initiates the formation of 

reactive oxygen species, leading to covalent bonding within the collagen 

structure, thereby enhancing its mechanical properties (Uemura et al., 2019). 

However, this process is influenced by the intricate molecular structure of 

collagen and the biochemical interactions of riboflavin (Chen et al., 2024, 

Hatami-Marbini and Jayaram, 2018). As mentioned above, the absorption 

coefficient of riboflavin elevates linearly to its concentration threshold of 0.04% 

(Spoerl et al., 2007, Sel et al., 2014). This plateau, previously noted in our 

exploration of optimal conditions for UVA/R crosslinking, underscores the 

nuanced interplay between riboflavin concentration and its efficacy as a 

photosensitizer in the crosslinking process (Fan et al., 2023a). Nonetheless, our 

investigation has uncovered that lower concentrations of riboflavin significantly 

increase the storage modulus of collagen, while higher concentrations result in 

a decline (Fan et al., 2023a, Fan et al., 2024). These intriguing findings have 

spurred further exploration into the complexities of UVA/R crosslinking in 

collagen. Our study delves into the specific sites where crosslinks form within 

the collagen molecule, scrutinizing the role of riboflavin—whether it acts merely 
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as a catalyst or as an active participant in the crosslinking process (Fan et al., 

2024). 

 Collagen's triple-helical structure, rich in amino acids such as glycine, 

proline, and hydroxyproline, contributes to its robust tensile strength. However, 

it is the presence of amino acids like tyrosine, lysine, and arginine that provides 

potential sites for crosslink formation, a subject of much debate concerning the 

selectivity of the UVA/R process. For instance, tyrosine, with its reactive phenol 

group (Eyre, 1987), and lysine’s ε-amino group and arginine’s guanidinium 

group, are potential sites for chemical bond formation (Yamauchi and 

Sricholpech, 2012, Mechanic et al., 1987, Udhayakumar et al., 2017). 

Histidine’s imidazole and phenylalanine’s benzyl group also offer potential 

reactive sites (Davidenko et al., 2016). Some researchers discuss that the 

process is non-selective (Uemura et al., 2019, Zhang et al., 2011), whereas 

others point to amino acids—lysine, histidine, arginine, tyrosine, or 

methionine—as key players in the crosslinking process (Yamauchi and Shiiba, 

2008, Sharif et al., 2017, Gabriela and Iulia, 2019, Fuentes-Lemus et al., 2018). 

Therefore, to pinpoint specific crosslinking sites, our study utilized synthetic 

peptides representing critical amino acids, including tyrosine, lysine, arginine, 

methionine, histidine, tryptophan, and phenylalanine (Fan et al., 2024). The 

results revealed that modifications post-UVA/riboflavin treatment occurred 

predominantly in tyrosine-containing peptides, forming covalent di-tyrosine 

linkages that signify a unique pathway of crosslinking within the collagen 

molecule (Fan et al., 2024). The presence of di-tyrosine in hydrolyzed UVA/R 

crosslinked collagen further confirmed tyrosine's critical involvement in this 

process. 

 Tyrosine's role in UVA/R crosslinking is attributed to its unique aromatic 

structure, which facilitates photochemical reactions. Studies have shown that 

the excited states of riboflavin engage in type I photochemistry, leading to 

electron transfer from tyrosine's phenolic group (Lu and Liu, 2002). This results 

in the formation of phenoxyl radicals, which are highly reactive and can interact 

with other tyrosine radicals to form dityrosine links (Dalsgaard et al., 2011). 

While phenylalanine, also possessing an aromatic structure, was considered a 
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potential site for crosslinking, our results indicate it does not form crosslinked 

products post-UVA/R treatment (Fan et al., 2024). This highlights the 

significance of the hydroxy group in tyrosine for photochemical crosslinking. 

Additionally, although tryptophan can form reactive radicals under UVA/R, it 

tends towards different pathways, creating products like kynurenines instead of 

covalent bonds (Fan et al., 2024). 

 Further exploring the effects of riboflavin concentration on collagen's 

mechanical properties revealed a delicate balance where both too low and too 

high concentrations could detract from the desired outcomes (Fan et al., 2023a, 

Fan et al., 2024). The noticeable reduction in strength at higher concentrations 

indicates a complex role of riboflavin beyond being a mere photosensitizer (Fan 

et al., 2023a, Fan et al., 2024). Guided by a theoretical kinetic model 

emphasizing the role of oxygen levels in riboflavin-mediated photocrosslinking 

(Kamaev et al., 2012), we discovered a marked sensitivity of the crosslinking 

efficiency to riboflavin concentration. This suggests that riboflavin has two 

primary reaction pathways upon UVA excitation (Kamaev et al., 2012). Initially, 

riboflavin acts as a photosensitizer, generating ROS that facilitate 

intermolecular crosslinking, predominantly at tyrosine residues. However, at 

elevated concentrations, an alternative pathway predominates, where riboflavin 

participates directly in reactions, leading to ROS depletion and reduced 

crosslinking efficiency (Kamaev et al., 2012, Fan et al., 2024). Additionally, 

potential electron transfer processes might influence interactions between 

positively charged amino acids like lysine, histidine, and arginine, and 

negatively charged riboflavin, further impacting the collagen matrix's mechanical 

properties (Fan et al., 2024). This complex behavior of riboflavin necessitates 

further experimental study to fully understand its role in collagen crosslinking. 

 Our findings not only deepen the understanding of the UVA/R 

crosslinking mechanism but also underscore the critical need for precise control 

over riboflavin concentration and UVA exposure to tailor the process for various 

collagen-based applications effectively. This tailored approach, considering 

factors like collagen source, tyrosine content, and environmental conditions, is 

essential for ensuring the crosslinking process's efficacy and applicability in 
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clinical and material science contexts (Dippold et al., 2017). This refined 

understanding enables a more informed regulatory assessment and contributes 

to advancing the development and application of biomaterials within the field.  

3.3 Impact of UVA/R Crosslinking on Collagen Matrix Properties 

UVA/R crosslinking, originally conceptualized for keratoconus treatment, has 

proven its efficacy in not only enhancing corneal mechanics but also in 

broadening our understanding of its beneficial impacts on collagen matrices 

(Franke et al., 2021). This technique has been pivotal in augmenting collagen's 

tensile strength, stiffness, and degradation resistance, alongside altering its 

surface properties to foster improved cellular interactions (Cheng et al., 2024). 

 Our investigation has pinpointed tyrosine as a critical site for crosslink 

formation within collagen, especially in type I collagen’s non-helical N- and C-

terminal regions (Fan et al., 2024). The formation of crosslinks, such as 

dityrosine and trityrosine linkages, in those non-helical terminal regions is 

instrumental in stabilizing the collagen’s triple helical structure, facilitating the 

assembly of fibrils and fibers (Koseki et al., 2021, Edens et al., 2001). This 

assembly process underpins the enhanced tensile strength and mechanical 

force resistance of collagen-based materials (Eyre and Wu, 2005). Rheological 

analysis revealed that UVA/R crosslinked collagen matrices exhibit a 

significantly higher storage modulus (G’ = 2000 Pa) compared to their non-

crosslinked collagen counterparts (G’ = 500 Pa), without compromising loss 

modulus (G’’≈80 Pa). This indicates that while crosslinking bolsters the matrix's 

elasticity and structural integrity, it does not markedly affect its viscous behavior 

or damping capacity under cyclic loading. Such increased stiffness and 

resilience are crucial for creating a supportive environment for cell adhesion, 

proliferation, and differentiation, vital for tissue engineering and regenerative 

medicine (Guimarães et al., 2020, Yi et al., 2022). 

 Collagen's physiological degradation, whether in PBS buffer due to 

hydrolytic actions or in collagenase solutions through enzymatic hydrolysis, is 

mitigated by UVA/R crosslinking. The degradation of collagen in PBS is 
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fundamentally a result of hydrolysis, where water molecules cleave peptide 

bonds. The hydrogen atoms from water attack the amide nitrogen atoms, and 

the hydroxyl groups target the carbonyl carbon atoms, leading to the breakdown 

of the peptide bond and the eventual dissociation into individual amino acids 

(Tucker et al., 2018, Vallecillo-Rivas et al., 2021). When exposed to 

collagenase solutions, the degradation of collagen is primarily driven by 

enzymatic hydrolysis. Collagenase enzymes specifically target peptide bonds 

adjacent to glycine residues, which are prevalent in collagen and crucial for 

maintaining its triple helical structure (Eckhard et al., 2014). Glycine-leucine or 

glycine-isoleucine bonds are particularly susceptible to enzymatic cleavage 

(Eckhard et al., 2014). In type I collagen, these enzymes typically initiate the 

unwinding of the triple helix, allowing for further hydrolysis of peptide bonds 

within the structure (Chen et al., 2018, Chung et al., 2004). The application of 

UVA/R crosslinking introduces extra covalent bonds, especially in collagen’s 

more susceptible non-helical regions, thereby boosting the chemical stability 

and structural integrity of the collagen matrix (Fan et al., 2024). This 

enhancement significantly extends collagen’s durability against hydrolytic and 

enzymatic degradation in both PBS and collagenase environments, highlighting 

the protective and stabilizing benefits of UVA/R crosslinking on collagen's 

structural longevity.  

 Importantly, UVA/R crosslinking is selective, targeting tyrosine residues 

for covalent bond formation without adversely affecting other amino acid 

residues. This selectivity preserves essential binding sites for cellular or 

molecular interactions, such as RGD sequence, which are integral for cellular 

signaling and tissue regeneration (Koseki et al., 2021, Fuentes-Lemus et al., 

2022).  

 In vivo, UVA/R crosslinked collagen materials demonstrate reduced 

inflammatory responses and superior tissue regeneration compared to non-

crosslinked alternatives (Fan et al., 2024). The crosslinking-induced structural 

stability diminishes the release of immunogenic debris by slowing enzymatic 

degradation (Hebels et al., 2023). Moreover, the maintenance of functional cell-

binding sites within the crosslinked collagen scaffolds could also attribute to 
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facilitate the recruitment and activation of cells crucial for tissue repair, such as 

fibroblasts and osteoblasts (Hebels et al., 2023, Stumptner et al., 2019). 

 By enhancing both the mechanical and biological properties of collagen-

based materials, UVA/R crosslinking presents a promising platform for tissue 

engineering and regenerative medicine, promoting cell growth and 

differentiation while providing essential structural support. 

3.4 UVA/R vs. Chemical Crosslinking: A Comparative Analysis 

Given the efficiency and well-investigated mechanisms of chemical crosslinking 

techniques, such as EDC/NHS and genipin, this project undertakes a 

comparative evaluation between UVA/R crosslinking and chemical crosslinking 

of collagen. This comparison aims to explore the impact of each method on the 

properties of collagen matrices, utilizing various analytical techniques. These 

include molecular fingerprinting through Raman spectroscopy, SEC of 

collagenase-digested matrices, rheological properties, thermal stability, 

degradation profiles, cell viability and proliferation (Fan et al., 2024). 

 EDC/NHS crosslinking, known for promoting amide bonds between 

collagen's carboxyl and amine groups, contrasts with UVA/R crosslinking's 

specificity for tyrosine residues (Dasgupta et al., 2021, Wissink et al., 2001). 

This distinction raises important questions about the precision and outcomes of 

these crosslinking approaches, warranting detailed molecular and functional 

bond analyses. Raman spectroscopy, particularly, shines in its ability to detect 

subtle changes in the collagen structure post-crosslinking, providing invaluable 

insights into the crosslinking processes' molecular dynamics (Martinez et al., 

2019, Becker et al., 2023). In our results, Raman spectroscopy’s sensitivity to 

vibrational modes enabled the detection of alterations in C-C stretching, 

wagging, and CH3 rocking motions within lysine, hydroxylysine, and tyrosine 

residues—key sites of crosslinking-induced modifications (Lu Fan, 2024). The 

insights gleaned from Raman spectroscopic analysis are invaluable, not only for 

elucidating the mechanistic underpinnings of crosslinking effects on collagen 

but also for guiding the functionalization of collagen in the design of biomaterials. 
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 Our findings reveal that UVA/R-crosslinked collagen matrices exhibit a 

preferable equilibrium between structural resilience and biodegradability, 

outperforming chemically crosslinked counterparts in mechanical strength and 

biocompatibility (Lu Fan, 2024). This balance is crucial for the functionalization 

of collagen in advanced biomedical applications. Conversely, EDC/NHS 

crosslinking method (Xcol_EDC/NHS) resulted in unexpectedly lower storage 

modulus, suggesting that this method might compact the collagen structure 

more than adding to its bulk, thus enhancing thermal stability and hydrolytic 

resistance without significantly affecting the matrix's elasticity or viscosity (Nair 

et al., 2020).  

 In contrast, genipin stands out by directly acting as a crosslinker, 

engaging primary amino groups in collagen to establish crosslinks (Utami Nike 

et al., 2022). Each crosslink may involve one or two genipin molecules (Vo et 

al., 2021), contributing not only to a high storage modulus but also to the 

highest loss modulus observed in Xcol_Genipin (Lu Fan, 2024). However, this 

interaction also seems to confer superior enzymatic degradation resistance to 

genipin-crosslinked matrices, potentially due to genipin's obstructive effect on 

enzymatic access (Výborný et al., 2019). Despite this, the altered native 

collagen structure may compromise the thermal stability of genipin-crosslinked 

matrices compared to those treated with UVA/R or EDC/NHS (Yan et al., 2022). 

 At the cellular interaction level, EDC/NHS and genipin-crosslinked 

collagen matrices encountered several obstacles, notably the diminished 

accessibility of cell-binding sites and potential cytotoxic effects (Lu Fan, 2024). 

The altered mechanical properties, including reduced elasticity in 

Xcol_EDC/NHS and significantly increased viscosity in Xcol_Genipin, likely 

contributed negatively to cellular outcomes (Yi et al., 2022). While the general 

consensus is that EDC/NHS and genipin are safer alternatives to other 

chemical crosslinkers like glutaraldehyde, some studies reported potential 

cytotoxicity at very high concentrations or incomplete removal of residual 

crosslinkers in thicker collagen matrices like scaffolds (Ahmad et al., 2015, 

Robinson et al., 2022, Kawamura et al., 2021). Furthermore, the intricate 

degradation products of genipin-crosslinked collagen, as revealed through SEC 
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analysis in our studies, indicate that degrades might negatively impact cell 

viability and functionality (Lu Fan, 2024). The cytotoxic observations led to the 

decision against pursuing in vivo studies with these chemically crosslinked 

collagen matrices. Their degradation characteristics suggest that while they 

offer enhanced long-term stability, this could potentially hinder tissue 

regenerative processes, making them more suitable for non-regenerative 

applications. An example includes the development of collagen membranes for 

guided bone regeneration in dental applications, presenting a viable alternative 

use (Park et al., 2015, Ren et al., 2022). 

 This comparative study sheds light on the distinct effects of UVA/R, 

EDC/NHS, and genipin crosslinking on collagen matrices, underscoring the 

balance between mechanical robustness, enzymatic degradation resistance, 

and biocompatibility. UVA/R crosslinking stands out for providing a versatile and 

balanced solution applicable across a range of biomedical fields. Conversely, 

EDC/NHS and genipin crosslinking face challenges, especially concerning 

cytotoxicity and cellular interactions, necessitating a judicious choice of 

crosslinking method tailored to the specific demands of the application. These 

insights guide future research aimed at refining collagen-based scaffolds for 

enhanced application in regenerative medicine and beyond, emphasizing the 

strategic selection of crosslinking techniques to meet the nuanced needs of 

tissue engineering. 

3.5 Bioactive Ion Encapsulation System for Enhancing Osteogenesis 
and Angiogenesis 

Bioactive ions such as Ca2+, Cu2+, and Mg2+ are integral to the processes of 

osteogenesis and angiogenesis, offering an efficient and stable alternative to 

traditional bone growth factor-based therapeutics (Table 1) (O’Neill et al., 2018). 

The integration of these ions into tissue regeneration strategies hinges on the 

development of sophisticated encapsulation and delivery systems that can 

precisely control their release (Sun et al., 2021). Achieving an ideal release 

profile for these ions is essential for maximizing their synergistic potential in 

promoting tissue repair and regeneration. 
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 Across the broader scope of tissue engineering and regenerative 

medicine, various strategies have been explored for the encapsulation and 

delivery of bioactive ions. These strategies include the use of biodegradable 

polymers such as PLGA, PCL, and PLA (Popok, 2012), as well as hydrogels 

(Popok, 2012), coated metal implants (Kao et al., 2019), magnesium alloys 

(Yang et al., 2021), bioactive glasses (BGs) (Schatkoski et al., 2021). Among 

these, bioactive glasses are emerging as a preferred method for ion release, 

with studies demonstrating their capability for sustained ion delivery. For 

instance, research on lithium and cobalt co-doped BG nanoparticles 

demonstrated a sustained release pattern of Co2+ (approximately 15 mg/L) and 

Li2+ (approximately 3 mg/L) over 14 days (Zhang et al., 2024). Similarly, 

Sutthavas et al. investigated the integration of Zn2+ in bioactive glasses and 

silica nanoparticles in various configurations, revealing how ion release profiles 

vary with the pH of the surrounding environment and highlighting the challenge 

of achieving efficient ion release for bone regeneration (Sutthavas et al., 2022). 

The highest Zn2+ release concentration only reached around 0.025 mg/L, which 

barely reached the efficient concentration range necessary for bone 

regeneration (Table 1) (Sutthavas et al., 2022). These findings underline the 

ongoing need for advancements in ion delivery systems to achieve 

concentrations effective for bone regeneration. 

 Diverging from broader strategies, our research specifically targets the 

encapsulation of Cu2+ and Mg2+ ions within vaterite-calcite CaCO3 particles via 

co-precipitation (Fan et al., 2022). To improve these particles’ stability and 

biocompatibility and ensure a gradual ion release, we utilized the LbL strategy 

for PEM coating on CaCuMg-CO3 microcapsules (Fan et al., 2022). 

Incorporating these microcapsules into a collagen matrix fosters a conducive 

microenvironment for tissue regeneration (Fan et al., 2022). Our in vitro release 

demonstrated a remarkable consistent stable release of Cu2+ (approximately 

700 mg/L) over 60 days, with no initial burst release, and a controlled release of 

Mg2+ (approximately 2.5 mg/L) in the first 7 days, attributed to the specific ion 

co-precipitation and encapsulation techniques employed (Fan et al., 2022). 
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 Our investigation further extends to osteogenesis and angiogenesis 

related gene expression using the MG63 cell line as a model. These cells, 

owing to their high similarity to osteoblasts, serve as a valuable tool for 

understanding the cellular behaviors and gene expression patterns essential for 

bone formation and healing (Yu et al., 2018). The promising outcomes obtained 

from alkaline phosphatase (ALP) activity assessments, Alizarin Red staining, 

and gene expression analyses conducted on MG63 cells treated with Mg2+ and 

Cu2+ ion-loaded microcapsules indicate a promising potential for bone 

regeneration (Dvorakova et al., 2023, Zheng et al., 2017, Fan et al., 2022). 

These microcapsules not only promote osteoblast differentiation and matrix 

mineralization but also enhance angiogenesis. 

 In conclusion, this study presents a novel strategy leveraging PEM 

coated CaCO3 vaterite-calcites integrated with bioactive ions, particularly in 

conjunction with collagen matrices, to bolster bone regeneration. This approach, 

emphasizing controlled bioactive ion release within a biomimetic environment, 

represents a cutting-edge direction in the development of functional bone graft 

materials, aiming to improve the outcomes of bone repair and regeneration 

processes. 

 

Table 1. Frequently applied bioactive ions in bone healing: effective 

concentrations and material ion release profiles. 

Bioactive 
 ions 

Effects on bone 
regeneration 

Effective 
concentrations 

(mg/L) 

Release level from 
materials (mg/L)  

Ca2+ 
Essential for bone 
formation and 
mineralization 

90-110                 
(Hannink and Arts, 
2011)  

 
HA/TCP scaffold: 
32.8 / day (Seol et 
al., 2014)  
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Mg2+ 
Enhances bone 
formation and 
osseointegration 

12.15 – 50          
(Wong et al., 2013) 

PLGA 
microspheres: 30–
50 (Yuan et al., 
2019); Mg/PCL 
composite: 38 – 
203 (Wong et al., 
2013)  

Sr2+ 

Promotes 
osteoblast 
proliferation and 
inhibits osteoclast 
activity, enhancing 
angiogenesis and 
repressing 
osteoclastogenesis 

Stimulatory effects on 
osteoblasts: 8.7 – 
87.6; inhibitory effects 
on osteoclasts: 8.7 – 
2102.8 (Bonnelye et 
al., 2008, Reginster 
and Meunier, 2003) 

BGs[Ca–Sr–Na–
Zn–Si]: 7.5–3500 
(Murphy et al., 
2009) 

Cu2+ 

Stimulates 
angiogenesis, has 
osteoinductive 
properties, and 
provides 
antibacterial activity 

0.00635 – 0.635 
(Gaetke and Chow, 
2003) 

0.5Cu-CPC: 0.24– 
0.74 (Bari et al., 
2017) 

Zn2+ 
Supports 
osteogenesis and 
cellular bioactivity 

2.45 – 6.5   
(Yamaguchi et al., 
2004, Ito et al., 2002) 

BGs[Ca–Sr–Na–
Zn–Si]: 3 – 750 
(Murphy et al., 
2009) 

Si4+ 

Stimulates 
osteoblast 
proliferation and 
differentiation and 
enhances collagen 
type 1 synthesis. 

5 – 20                 
(Xynos et al., 2001, 
Shi et al., 2015) 

BGs[45S5]: 16.5 ± 
3.5 (Shi et al., 
2015)  

Co2+ 

Stimulates 
erythropoietin 
production, which 
indirectly affects 
bone healing 
through 
angiogenesis. 

0.00589 – 20 
(Chen et al., 2020, 
Perez et al., 2015) 

Co-MBG: 0 – 20 
(Wu et al., 2012) 
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3.6 Outlook 

The study on ultraviolet A and riboflavin (UVA/R) crosslinked collagen and 

multiple bioactive ion capsules presents a significant leap forward in BTE, 

offering promising transformation prospects for future research and clinical 

applications. The integration of the mechanical strength and biocompatibility of 

collagen scaffolds with the osteoinductive potential of bioactive ions such as 

Mg2+ and Cu2+ not only promises enhanced bone regeneration but also opens 

up new avenues for personalized and more effective bone defect treatments. 

 The incorporation of this CaCuMg-PEM-Col capsules within UVA/R 

crosslinked collagen-based composite scaffolds represents a novel strategy in 

the field of BTE. Future research will delve into synergistic effects of mechanical 

support provided by collagen scaffold combined with osteoinductive and 

angiogenesis potential of bioactive ions. The investigation will be deeper into 

the ion release kinetics within 3D cell cultures, alongside evaluations of bone 

repair and vascularization, to validate the scaffold's functionality in fostering 

bone integration and recovery. Expanding the spectrum of bioactive ions to 

include elements like zinc, strontium, or silicon could further enhance the 

scaffold's regenerative potential, each contributing distinct qualities to expedite 

healing and scaffold-bone tissue integration (Zhong et al., 2022, Hurle et al., 

2021). 

 Advancing to in vivo models is a critical next step for assessing bone 

defect healing using these composite scaffolds, facilitating a direct comparison 

with existing treatments such as BMP2 therapies. These investigations will 

illuminate the scaffold’s capability to equal or exceed the efficacy of current 

growth factor-based interventions, setting the stage for extensive pre-clinical 

and clinical testing. Such trials are instrumental in verifying the material's clinical 

viability, focusing on its safety, effectiveness, and superiority in bone 

regeneration contexts. 

 Furthermore, the UVA/R crosslinking technique offers avenues for 

refinement, particularly in crafting collagen scaffolds with tailored mechanical 

attributes. This refinement process will aim not only to bolster the scaffolds' 
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structural integrity but also to investigate the impact of mechanical stimuli on 

stem cell behavior and tissue repair (LaGuardia et al., 2023, Zhou et al., 2021). 

Precisely adjusting mechanical properties could yield groundbreaking insights 

into the interplay between biomechanical signals and bone tissue regeneration, 

offering profound implications for the field (Camarero-Espinosa and Moroni, 

2021). 

 By applying these optimized scaffolds in cutting-edge research models, 

such as organ-on-a-chip systems, there lies an opportunity to dissect tissue 

regeneration processes, disease modeling, and pharmacological testing with 

greater accuracy. Such models will enable detailed studies of the intricate 

relationships between mechanical stimuli and cellular activities in a controlled 

setting, aligning with the 3Rs principle by minimizing animal model reliance and 

emphasizing human-centric investigations (Azizipour et al., 2020, Mansoorifar 

et al., 2021). 

 In conclusion, the advancement and fine-tuning of UVA/R crosslinked 

collagen-based scaffolds, enriched with multiple bioactive ions, offer a 

multifaceted approach to BTE. This future direction not only aims to elucidate 

the dynamics of ion release and foster bone restoration but also seeks to refine 

scaffold mechanics for broader scientific applications. As research advances, 

these innovations are expected not only to deepen our understanding of bone 

regeneration mechanisms but also to usher in more effective, personalized, and 

ethically conscious solutions for treating bone defects. 
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4. Summary 

This project has embarked on a journey to redefine the landscape of bone 

tissue engineering (BTE) through the advanced ultraviolet A and riboflavin 

(UVA/R) crosslinked collagen scaffolds and a bioactive cation encapsulation 

system, featuring Cu2+ and Mg2+ within vaterite-calcite CaCO3 particles. The 

research meticulously deciphers the complexities of the UVA/R crosslinking 

mechanism, specifically its interaction with tyrosine residues in collagen, 

uncovering insights that not only broaden our understanding of collagen 

stabilization but also herald new advancements in the functional enhancement 

of collagen-based biomaterials via refined crosslinking methods. The 

investigation reveals that tyrosine residues serve as critical sites for 

crosslinking, with riboflavin acting both as a catalyst and a competitive inhibitor. 

The UVA/R crosslinked collagen matrices distinguished themselves by 

achieving a balanced interplay between stability and degradability, superior 

mechanical attributes, and enhanced biocompatibility compared to their 

chemically crosslinked counterparts. In vivo assessments further underscored 

the exceptional biocompatibility of the UVA/R crosslinked matrices, showcasing 

their capability to mitigate tissue inflammation and foster regeneration. 

 Concurrently, this thesis introduces an innovative encapsulation strategy 

for the controlled delivery of essential bioactive ions for bone regeneration. 

encapsulation system, augmented by polyelectrolyte multilayers and collagen 

matrix functionalization, closely emulates the bone tissue microenvironment, 

creating an ideal milieu for bone healing through the sustained release of Ca2+, 

Cu2+, and Mg2+ ions. This approach not only bolsters osteoblast proliferation 

and differentiation but also significantly upregulates the expressions of genes 

related to osteogenesis and angiogenesis, illuminating the profound potential of 

the developed microcapsules in advancing BTE endeavors. 

 By synergistically bridging the mechanical and biochemical realms of 

tissue engineering, this dissertation presents a comprehensive strategy that 

enriches both the physical and biological efficacy of engineered scaffolds for 

bone regeneration. The in-depth elucidation of the UVA/R crosslinking 
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dynamics and the introduction of an innovative multi-ion delivery mechanism 

constitute significant strides in the field, offering novel insights and refined 

methodologies for the design and crafting of next-generation biomaterials. This 

work not only enriches the academic discourse in tissue engineering but also 

sets a new benchmark for the development of functionalized bone graft 

materials, highlighting a significant stride towards more effective and 

personalized therapeutic interventions in bone regeneration. 
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5. Zusammenfassung 

In diesem Projekt wurde ein neuer Ansatz für das Knochengewebe-Engineering 

entwickelt, der auf fortschrittlichen Ultraviolett-A- und Riboflavin (UVA/R)-

vernetzten Kollagengerüsten sowie einem bioaktiven Kationen-

Einkapselungssystem basiert, das Cu2+ und Mg2+ in Vaterit-Calcit-CaCO3-

Partikeln enthält. Die Studie untersucht detailliert die Komplexität des UVA/R-

Vernetzungsmechanismus, insbesondere die Interaktion mit Tyrosinresten im 

Kollagen, und liefert Erkenntnisse, die nicht nur das Verständnis zur 

Stabilisierung von Kollagen erweitern, sondern auch neue Fortschritte bei der 

funktionellen Optimierung von kollagenbasierten Biomaterialien durch 

verfeinerte Vernetzungsmethoden ermöglichen. Die Ergebnisse zeigen, dass 

Tyrosinreste kritische Stellen für die Vernetzung darstellen, wobei Riboflavin 

sowohl als Katalysator als auch als kompetitiver Hemmstoff fungiert. Die 

UVA/R-vernetzten Kollagenmatrizen zeichnen sich durch ein ausgewogenes 

Verhältnis von Stabilität und Abbaubarkeit, verbesserte mechanische 

Eigenschaften sowie eine höhere Biokompatibilität im Vergleich zu chemisch 

vernetzten Alternativen aus. In-vivo-Untersuchungen belegen darüber hinaus 

die hervorragende Biokompatibilität der UVA/R-vernetzten Matrizen und deren 

Fähigkeit, Gewebeentzündungen zu reduzieren und die Regeneration zu 

fördern. 

 Darüber hinaus stellt diese Dissertation eine innovative 

Einkapselungsstrategie zur kontrollierten Freisetzung essenzieller bioaktiver 

Ionen für die Knochenregeneration vor. Das entwickelte System, das durch 

Polyelektrolytmultischichten und die Funktionalisierung der Kollagenmatrix 

ergänzt wird, simuliert das Mikroumfeld von Knochengewebe und schafft 

optimale Bedingungen für die Heilung durch eine kontinuierliche Freisetzung 

von Ca2+-, Cu2+- und Mg2+-Ionen. Dieser Ansatz fördert sowohl die 

Proliferation und Differenzierung von Osteoblasten als auch die signifikante 

Erhöhung der Expression von Genen, die mit der Osteogenese und 

Angiogenese in Verbindung stehen, und unterstreicht damit das 
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vielversprechende Potenzial der entwickelten Mikrokapseln für die 

Weiterentwicklung des Knochengewebe-Engineerings. 

 Indem mechanische und biochemische Aspekte des Tissue-Engineerings 

synergetisch verknüpft werden, präsentiert diese Dissertation eine umfassende 

Strategie, die sowohl die physische als auch biologische Wirksamkeit der 

entwickelten Gerüste für die Knochenregeneration verbessert. Die detaillierte 

Analyse der UVA/R-Vernetzungsdynamik sowie die Einführung eines 

innovativen Mehrionen-Freisetzungsmechanismus markieren bedeutende 

Fortschritte auf diesem Gebiet und bieten neue Einblicke sowie verfeinerte 

Methoden für die Gestaltung und Entwicklung von Biomaterialien der nächsten 

Generation. Diese Arbeit bereichert nicht nur die akademische Diskussion im 

Bereich des Tissue Engineerings, sondern setzt auch neue Maßstäbe bei der 

Entwicklung funktionalisierter Knochenersatzmaterialien und stellt einen 

wichtigen Schritt in Richtung wirksamerer und personalisierter therapeutischer 

Ansätze für die Knochenregeneration dar. 
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