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1. Introduction

1. Introduction

Collagen, a fundamental building block of the mammal body, was named from
the Greek word "kdlla" in the late 16" 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 | 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 |, 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 3% 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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1. Introduction

Figure 1. Hierarchical structure of type | 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 | 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 | 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 | 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 Il, 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.

e 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

10
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helps prevent issues such as stress shielding or scaffold overload
(Bellucci et al., 2015).

e 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

11
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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.
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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,

13



1. Introduction

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).
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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.
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In summary, while various crosslinking techniques have significantly
advanced the functionality of type | 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 lulia, 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.
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Figure 7. Chemical structures and distribution of promising sites of UVA/R crosslinking in porcine type |
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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-B, 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 lons 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)/B-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
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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.
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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:

e 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.

e 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.

e 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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e 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.

e 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 |
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 B-tricalcium phosphate (B-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. | 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, | was responsible for the comprehensive
evaluation of all the experimental results, as well as writing and revision of the

manuscript.
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Evaluation of Injectable Composite Material Comprising
Biphasic Bone Substitutes and Crosslinked Collagen

Lu Fan, Yanru Ren, Claus Burkhardt, Ole Jung, Reinhard Schnettler, Mike Barbeck,*

and Xin Xiong*

Bone tissue engineering has emerged as a promising approach to regenerate
bone tissue, and injectable biomaterials have shown potential for bone
regeneration applications due to their ease of administration and ability to

fill irregularly shaped defects. This study aims to develop and characterize an
injectable composite material comprising biphasic bone substitutes (BBS) and
crosslinked porcine collagen type | for bone regeneration applications. The collagen
is crosslinked via a UVA-riboflavin crosslinking strategy and evaluated by testing
the physicochemical properties, including the rheological behavior, dynamic
storage modulus (G’) and loss modulus (G”), and in vitro degradation process.
The results show that the crosslinked collagen (xCol) exhibits suitable physico-
chemical properties for injectability and improved viscoelasticity and degradation
resistance. Furthermore, xCol is then combined with BBS in a predetermined ratio,
obtaining the injectable composite material. The biocompatibility of the materials is
evaluated in vitro by XTT and BrdU assays on fibroblasts and preosteoblasts. The
results demonstrate that the composite material is biocompatible and supporting
pre-osteoblasts proliferation. In conclusion, the injectable composite material BBS-
xCol has promising physiochemical and biological properties for bone regeneration
applications. Further studies are warranted to evaluate its efficacy in vivo and
optimize its composition for clinical translation.

bone tissue and overcome the limitations of
current clinical approaches.**7]

Injectable biomaterials have shown
potential for bone regeneration applica-
tions due to their ease of administration
and ability to fill irregularly shaped defects,
such as cleft palate, orbital floor fracture,
mandibular defect, vertebral compression
fracture, and complex tibial plateau
fracture.®*% The injectable materials
can be easily delivered to the defect site
using minimally invasive procedures, such
as percutaneous injection or catheteriza-
tion.™ This can reduce surgical trauma,
shorten the recovery time, and improve
patient comfort.* The ability of fulling
irregular shaped defects makes injectable
materials can conform to the shape and
size of the bone defect, providing a custom-
ized fit that can improve the effectiveness
of the treatment.®’! Moreover, they can pro-
mote the recruitment and proliferation of
bone-forming cells,I'? accelerate the for-
mation of new bone tissue, and enhance
the integration of the implant with the
surrounding bone.!**

1. Introduction

Bone defects and injuries resulting from trauma,™* tumors,"~!
infections,>* or congenital abnormalities™*! can significantly
impact patients” quality of life and functional abilities. Current
clinical approaches for bone regeneration, such as autografts
and allografts, have limitations of limited availability, donor site
morbidity, and risk of disease transmission.” Bone tissue
engineering has emerged as a promising approach to regenerate

Several materials have been investigated for use in injectable
bone regeneration materials, including hydrogels,®"*
ceramics,™!  polymers,®*®!  alginate,'® and platelet-rich
plasma.l"”) However, many of them are still limited in mechani-
cal strength, rapid degradation, and risk of infection.”! Besides
those materials, increasing attention has been focused on colla-
gen type I, which is a natural protein component of the extracel-
lular matrix and has been used in bone regeneration applications
due to its biodegradability and ability to support cell attachment
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and proliferation."® Moreover, the mechanical strength and
resistance to degradation of collagen can be enhanced via
various crosslinking processes, such as chemical crosslinking
with glutaraldehyde and carbodiimides.®*!) Compared with
chemical crosslinking methods, the physical crosslinking with
ultraviolet:A (UVA) and riboflavin offers several advantages,
particularly in terms of biocompatibility, mechanical properties,
and tissue integration.”>?*) In addition, biphasic bone substi-
tutes (BBS) are a mixture of hydroxyapatite (HA) and b-tricalcium
phosphate (f-TCP) which can well mimic the composition and
structure of autologous bone.*!! They are a commonly used
bone substitute material for osseus repair and have shown
excellent biocompatibility and osteoconductivity.?>! The combi-
nation of crosslinked collagen and BBS is a promising direction
of developing injectable materials. However, there is a need for
further research to improve the physicochemical properties and
stability of collagen and optimize the composition of the compos-
ite material and to evaluate its efficacy and safety.l*
Therefore, this study aims to develop and evaluate an
injectable composite material comprising BBS and crosslinked
collagen for bone regeneration applications, as shown in
Figure 1. The porcine skin-derived collagen type I was cross-
linked using UVA and riboflavin, and evaluated with physico-
chemical properties, including the rheological behavior,
dynamic storage modulus (G'), and loss modulus (G*), recorded
with a stress-controlled rheometer and in vitro degradation pro-
cess measured with gel permeation chromatography/size exclu-
sion chromatography (GPC/SEC). Furthermore, the biological
properties of the synthesized composite material BBS-xCol were

BBS + Col | + Riboflavin

composite

Injectable %
material f

UVA irradiation

www.aem-journal.com

evaluated in vitro to assess the potential of the material for bone
regeneration in vivo. The ultimate goal of this study is to evaluate
the safety and efficacy of the developed injectable material and to
prepare it for further clinical applications.

2. Experimental Section

2.1. Material Preparation

2.1.1. Collagen Matrix Preparation

The homogenization process of the porcine skin-derived collagen
was optimized based on the protocol described in our previous
publication.””! Briefly, the frozen split skin was defrosted at 4 °C
overnight and then rinsed in double-deionized water (ddH,0) at
the concentration of 3.2:1 (w/w). Then the mixture of split skin
and ddH,0 was agitated using a paddle mixer (IKA Digital 20,
IKA Works, Inc., Wilmington, NC, USA) at 100 rpm for 1h and
pre-homogenized at 700 rpm for 3 h. The pH value was adjusted
to 3.2, and the suspension was left overnight at room tempera-
ture before further processing. After that, the collagen suspen-
sion was treated in a water bath at 65°C for 10 min, then
immediately homogenized with an IKA Ultra-Turrax homoge-
nizer (IKA Works, Inc.) (about 12 000 rpm) for 1 min, and fur-
ther filtered via a Buchner Funnel. Finally, a foaming paddle
was used to foam the filtered suspension for 2 h, and riboflavin
(ROTH, 9607.1) was added into collagen suspension in the last
15 min of the 2 h, producing liquid collagen foam with protein
concentrations around 40 mgmL™".

BBS_xCol |

Irregularly shaped defects

Cleft palate Orbital floor fracture

Y

Mandibular defect Vertebral compression

fracture

Figure 1. Schematic illustration of this simple, efficient, and safe preparation process of injectable composite material comprising BBS and UVA/ribo-
flavin crosslinked collagen matrix and the applications of the injectable composite material.
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2.1.2. Crosslinking Under UVA Irradiation

The homogenized collagen suspensions mixed with a series
of concentration of riboflavin (R): 0.001%, 0.005%, 0.01%,
0.05%, 0.1% were transformed into Petri dishes with a smooth
thin surface. The Petri dishes were then placed into a UVA lamp
box with a wavelength of 365-370nm and an irradiance of
39mWem™? for 10min. The crosslinked collagen (xCol)
samples were collected and further characterized with rheologi-
cal analysis and degradation evaluation, with the noncrosslinked
collagen as control.

2.1.3. Combination of Collagen and BBS

The biphasic bone substitute (BBS) material maxresorb (Botiss
biomaterials GmbH, Berlin, Germany) composed of 60%
hydroxyapatite (HA) und 40% p-tricalcium phosphate (5-TCP)
was applied as the basis inorganic material in this study.?®
The manufacturing process of maxresorb included a controlled
precipitation process of aqueous solutions of calcium and phos-
phate as well as subsequent cold isostatic pressing into mechan-
ically stable objects. This process resulted in an interconnecting
porous system with defined pore diameters ranging from 200 to
800 mm, as well as micropores of 1-10 mm.12%2

The optimized xCol with 0.005% riboflavin was chosen to be
combined with BBS for the synthesis of injectable composite
material. Briefly, the homogenized collagen with 0.005% ribofla-
vin was immediately mixed with BBS particles at the ratio of 1:9
(w/w) in a sterilized Petri dish and then quickly transferred into a
syringe (1 mL). Similarly, the syringe was placed into the UVA
lamp box for crosslinking. Overall, it is a very simple, efficient,
and safe process, which also saves the material sterilization step.

2.2. Material Characterization

2.2.1. Morphological Characterization of Collagen Matrices with
Scanning Electron Microscopy (SEM)

The noncrosslinked collagen (Col) and UVA/riboflavin cross-
linked collagen (xCol) samples were characterized using a
Zeiss scanning electron microscopy (SEM) instrument
(1540XB CrossBeam, Zeiss) with a high-resolution GEMINI
field-emission column operating at a very low acceleration
voltage. The instrument was equipped with a thermally assisted
Schottky field-emission gun, which allowed for a controlled and
precise emission of electrons at a very low-energy speed.
Furthermore, the SEM setup included a Canion focused ion
beam (FIB) system with a gallium metal-ion source installed
at an angle of 54° to the electron beam. This FIB system allowed
for precise sample preparation and manipulation, enabling cross-
sectional analysis and the ability to obtain high-resolution
images. The collagen samples were prepared for SEM analysis
by rapidly freezing them at liquid nitrogen, preserving their
native structure, and preventing sample degradation. The SEM
analysis of the Col and xCol samples provided detailed informa-
tion about their surface morphology, microstructure, organiza-
tion, and integrity.
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2.2.2. Morphological Characterization of BBS with Fluorescence
Microscope

For the visualization of BBS material, fluorescence microscope
(KEYENCE BZ-X800, KEYENCE GmbH, Neu-Isenburg,
Germany) was applied. The fluorescence microscope provided
high-resolution images, allowing for detailed observation of
the morphology and interconnecting porous system of fluores-
cein isothiocyanate (FITC)-labeled BBS.

2.2.3. Rheological Characterization via Amplitude Sweep

The dynamic storage modulus (G’) and loss modulus (G”) of
collagen samples were measured using a stress-controlled rhe-
ometer (Anton Paar MCR 302) equipped with a 50 mm-diameter
stainless steel cone and plate with a cone angle of 1° and a trun-
cation gap of 103 pm. Dynamic shear—stain-amplitude sweeps
(DSS) were performed at a constant oscillation frequency (w)
of 10rad s ™! to record G’ and G” using xCol samples with dif-
ferent concentrations of riboflavin and a control group, noncros-
slinked collagen. Four replicates were used for each sample. The
DSS test was carried out by increasing the strain amplitude from
0.1% to 100% at a constant temperature of 23 °C. The storage and
loss moduli were recorded during the test, and the flow point of
each sample was determined as the point of intersection between
the storage and loss moduli. The loss factor (tand) was calculated
using Equation (1), where G” and G’ represent the loss and
storage moduli, respectively.

"

tanéza

1

2.2.4. Invitro Collagen Degradation Evaluated via Gel Permeation
Chromatography (GPC)

The invitro degradation of collagen matrix was carried out by
incubating the samples in phosphate-buffered saline (PBS, 1x)
solution in 37 °C with a gentle agitation at 60 rpm. After 721’
incubation, the supernatants with degrades were collected via
centrifugation, further evaluated using the gel permeation chro-
matography (GPC) system. The GPC measurements provided
information about the molecular weight changes of the collagen
samples during the degradation process, which is an important
parameter for assessing the stability and suitability of the mate-
rial for bone regeneration applications. The GPC was carried out
using an Agilent Infinity II 1260 series HPLC system equipped
with quaternary pump, a refractive index detector (RI— 101,
Shodex), multiangle light scattering detector (DAWN HELEOS
II; Wyatt), and a column packed with a highly porous modified
silica particle (PSS, Proteema). The samples were diluted in an
appropriate solvent (20% Acetonitrile in PBS) and injected into
the column. The separation was based on the size of the mole-
cules as they passed through the column and were eluted in
order of decreasing molecular weight. For determination of
molecular weight distribution, first a calibration with a standard
molecule of known molecular weight was performed. The eluent
was passed through the column, and the molecular weight

© 2023 Wiley-VCH GmbH
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distribution of the sample was determined by comparing the
retention time to that of standard molecules of known molecular
weight.

2.3. Cell Culture

The 1929 mouse fibroblast cell line and MC3T3 mouse preosteo-
Dblast cell line, purchased from the European Collection of Cell
Cultures, ECACC (Salisbury, UK), were used for in vitro biologi-
cal evaluation of the synthesized injectable composite material.
The cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (PS) in a humidified incubator
at 37 °C with 5% CO,, and 95% humidity.

2.4, Cell Viability Tests

The cell viability tests were conducted in accordance with the
standard protocol of the DIN EN ISO 10993-5: 2009/-12:
2012, by determining the metabolic activity of the cells after expo-
sure to the extracts of the materials and controls. RM-A materials,
which included polyurethane film with 0.1% zinc diethyldithio-
carbamate (ZDEC) (Hatano Research Institute, Food and Drug
Safety Center, Hadano, Japan), were used as positive control.
Grade 5 titanium plates were applied as a negative control.
The cells treated with culture medium served as the medium
control group. Each group was conducted with 3 replicates.
The percentage of cell viability was calculated by comparing
the absorbance values of the treated cells to those of the control
cells. A viability percentage above 70% was considered
noncytotoxic.

First, the BBS_xCol and BBS_Col composite materials, Col,
positive control (PC), and negative control (NC) were extracted
by soaking in culture medium for 24 h at 37 °C, with a gentle
agitation at 60 rpm. Then, the extracts were sterilized by filtering
through a 0.22 pm filter. To assess cell viability, L929 and MC3T3
cells were seeded in 96 well plates at a density of 10* cells well ™
and incubated for 24 h. Then, the culture medium was replaced
with the extracts of the materials and controls and incubated for
24h.

2.4.1. XTT Assay

The Sodium 3,3'-[1(phenylamino)carbonyl]-3,4-tetrazoliuml-
3is(4-methoxy-6-nitro) Benzene Sulfonic acid Hydrate (XTT)-
assay kit (Roche Diagnostics, Mannheim, Germany) was used
for this measurement. Initially, the electron coupling reagent
was mixed with the XTT labeling reagent in a ratio of 1:50.
Next, 50 pL of this mixture was added to the cells and incubated
for 4h in standard cell culture conditions. Subsequently, the
absorbance of 100 pL aliquots transferred into a new 96 ell plate
was measured using a scanning multiwell spectrophotometer
(ELISA reader) equipped with filters for 450 and 650 nm.

2.4.2. BrdU Assay

Bromdesoxyuridin  (BrdU) ELISA  (Roche Diagnostics,
Mannheim, Germany) was applied for the analysis. To perform
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the BrdU assay, the cells were coincubated with BrdU for 2h
under standard cell culture conditions. The cells were then fixed
with the FixDenat reagent at room temperature and afterward
treated with anti-BrdU peroxidase (POD) antibody for 1h. The
cells were washed three times for 5 min each before adding tet-
ramethylbenzidine (TMB) to react with the substrate for 20 min
at room temperature. The reaction was stopped by adding 25 uL
of 1 M H,S0,. The absorbance was measured at 450 and 690 nm
using a scanning multiwell spectrophotometer (ELISA reader)
with a filter.

2.5. Statistical Analysis

By the paired T-test and the analysis of variance (ANOVA), which
is an extension of the T-test, data were statistically analyzed. An
LSD posthoc assessment followed to compare groups using
GraphPad Prism software (Version 9.0.0, GraphPad Software
Inc., La Jolla, USA). The intra- (#) and interindividual (*) statis-
tical differences were defined by three significance levels. If
P-values were less than 0.05 (#/*P < 0.05), the difference were
considered as significant. High significant were considered, if
the p-values were less than 0.01 (##/**P<0.01) or less
than 0.005 (##H#/***P<0.005) or less than 0.001
(##HH# [ **** P < 0.001). Using GraphPad Prism software, the data
were represented as average values and standard deviation.

3. Results

3.1. Morphological Characterization

The morphological characterizations depicted in Figure 2 pro-
vide valuable insights into the structural properties of collagen
matrices without UVA/R crosslinking, biphasic bone substitute
(BBS) material, and the composite material consisting of BBS
and crosslinked collagen (BBS_xCol). SEM images (Figure 2A,
B) clearly highlight the distinctions between noncrosslinked
and crosslinked collagen matrices. These images reveal the
effects of the crosslinking process on the compactness, fiber
organization, and the formation of the porous microstructures
within the xCol matrix. Fluorescence microscopy (Figure 2C)
confirms the successful labeling of BBS material with FITC,
enabling the visualization of the distribution of BBS and its
interconnected porous system within the material.
Additionally, photographic images (Figure 2D) visually showcase
the distinct appearances of the injectable noncrosslinked
collagen matrix, crosslinked collagen matrix, BBS, and the
composite BBS_xCol material. Overall, these characterizations
in Figure 2 provide a comprehensive illustration of the micro-
scopic and macroscopic structures of collagen matrices and
BBS material.

3.2. Physicochemical Characterization
3.2.1. Rheological Behavior of Collagen Matrix
The results of shear—stress—amplitude sweeps of collagen sam-

ples are shown in Figure 3 and 4. The limit of the linear visco-
elastic (LVE) region is first determined. The LVE region indicates
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Figure 2. Morphological characterizations of collagen matrix, BBS material, and composite material. A) Cryo-SEM images of noncrosslinked collagen
matrix and B) UVA/R crosslinked collagen matrix. C) Fluorescence microscopy image of FITC-labeled BBS. D) Photographic images of noncrosslinked
collagen matrix. i), crosslinked collagen matrix (i), BBS (iii), and the composite material composed of BBS and crosslinked collagen matrix (iv).

the range in which the test can be carried out without destroying
the structure of the sample, which is depicted on the left side
of the diagrams in Figure 3; the range starts from the lowest
strain values.®® In the LVE region, the dynamic storage modulus
(G’) and loss modulus (G”) of all the collagen samples without
crosslinking showed constant values, the so-called plateau values,
the statistical analyses of which are also shown in Figure 4C,D.
Among those, xCol_0.001% R and xCol_0.005% R showed sig-
nificantly higher G" and G” values, indicating higher elasticity
and viscosity. After leaving the LVE region, the curves showed
a gradually dropping G’ values and increasing G” values, indi-
cating a gradual breakdown of the superstructure, which formed
a consistent, 3D network. As shown in Figure 4A,B, after the LVE
region, the curves of xCol_0.001% R and xCol_0.005% R were
over other groups, suggesting a higher sample stiffness and
strength (G’), and viscoelasticity. Moreover, all the samples
showed overall similar yield point (t, = 10%), which is the value
of the shear stress at the limit of LVE region. However, the cross-
linked collagen matrix showed higher flow point (G' = G”; t:>
100%) than the noncrosslinked collagen (t= 100%), indicating
the lower tendency of the xCol to brittle fracturing.

Additionally, the loss factor (tan §) can be calculated from G’
and G”, which describes the ratio of the energy dissipated to the
energy stored during deformation. A lower value of tan § indi-
cates more elastic properties, while a higher value suggests more
viscous behavior. As shown in Figure 4E, all the samples showed
a gel-like solid state, with tan § < 1. The groups of xCol_0.001% R
and xCol_0.005% R showed significantly lower tan & values com-
pared with noncrosslinked collagen; especially the xCol_0.005%
R group showed overall the lowest (P < 0.001).
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3.2.2. Degradation Study with Gel Permeation Chromatography
(GPC)

The visual changes observed during the in vitro degradation pro-
cess of collagen samples in PBS buffer at 37 °C are illustrated in
Figure 5A. The noncrosslinked collagen sample exhibited a sig-
nificant loss of original geometry after only 24 h, whereas the
crosslinked collagen samples displayed better shape retention.
After 72h, xCol_0.001% R and xCol 0.005% R still retained
some of their original geometry, while the noncrosslinked colla-
gen matrix became completely dissolved in the PBS buffer.
Although the other crosslinked collagen samples (xCol_0.01%
R, xCol_0.05% R, xCol_0.1% R) also showed some loss of the
original shape, some pieces still remained after 72 h.

The solutions collected after incubating for 72 h were sub-
jected to GPC measurements (Figure 5B). The results indicated
that a considerable difference in molecular weight (Mw) between
the solutions was obtained from crosslinked and noncrosslinked
collagen samples. Among the crosslinked collagen groups,
xCol_0.005% R exhibited the highest Mw of 951 kD, while the
noncrosslinked collagen showed only 565kD. These findings
suggest that crosslinking plays a critical role in the structure
integrity of collagen under invitro degradation conditions.

3.3. Biological Evaluations

3.3.1. XTT assay for Cell Viability

According to the XTT assay, the viability of L929 fibroblasts was
assessed and results showed that all groups including Col,

© 2023 Wiley-VCH GmbH



2. Results

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

A Ctrl

100003

l.”'ﬂ!fﬂ”.”!m_

1000
Ty

1004 45 srrrrienrrrie?!

Storage modulus G' [Pa]
Loss modulus G" [Pa]

T T m
0.01 0.1 1 10 100 1000
Y (%)
C xCol_0.005% R
10000
T [ . .
&8 10004 =3
g M/q
w0
ER)
§ 2 1004y teeeeee
ED
g E
@
gg 10+
7]
E
1 T T T T k)
0.01 0.1 1 10 100 1000
Y (%)
E xCol_0.05% R
100003
SEasasasssssassss
1000 T Lz ’*:\_

'Wiﬁmcﬂfim

storage modulus G' [Pa]
loss modulus G" [Pa]

T T m
0.01 0.1 1 10 100 1000

¥ (%)

@

www.aem-journal.com

xCol_0.001% R

22 SRS R R RS RS

Storage modulus G' [Pa]
Loss modulus G" [Pa]

103
1 T T T T U
0.01 0.1 1 10 100 1000
T (%)
D xCol_0.01% R
100003
7 S
o =
0w O
2o
35 wf
EB
g E
@
T2 10
85 3
13
1 T T T T J
0.01 0.1 1 10 100 1000
Y (%)
E xCol_0.1% R
10000
T poansascsncscacancee,
[
ot 3 -
Py
20
33
£78
° E
]
2o 10
8 E
g |
1 T T T T J
0.01 0.1 1 10 100 1000

¥ (%)

Figure 3. A) Amplitude sweeps for comparison of noncrosslinked collagen and crosslinked collagen prepared with different concentration of riboflavin

(R): B-F) 0.001%-0.1%, at 23°C, @ =10rad s™". (mean = SD, n=4).

BBS_Col, and BBS_xCol exhibited a cell viability higher than
70% of medium control, without significant difference observed
(Figure 6A). The group of Col showed higher cell viability com-
pared to the medium control, whereas the BBS_Col and
BBS_xCol groups exhibited similar viability to the medium con-
trol. There was also no significant difference among those three
material groups. Among the three material groups, there was no
significant difference. However, the results obtained from
MC3T3 preosteoblasts showed a different trend (Figure 6B).
The Col and BBS_Col groups demonstrated cell viability lower
than 70% of the medium control, while the BBS_xCol group
showed significantly higher cell viability, which was comparable
to the medium control. This indicates that BBS_xCol has better

Adv. Eng. Mater. 2023, 2300508

37

2300508 (6 of 10)

biocompatibility and is more suitable for use in bone tissue engi-
neering applications.

3.3.2. BrdU assay for proliferation

In Figure 7A, the BrdU assay results showed that the L929 fibro-
blasts had high viability when cultured with the Col group, which
was comparable to the medium control, and acceptable viability
with BBS_Col and BBS_xCol groups. The BBS_Col and
BBS_xCol groups exhibited lower cell viability compared to
the Col group. However, in the case of MC3T3 preosteoblasts,
the BrdU assay indicated significantly lower cell viability in
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the material groups compared to the medium control
(Figure 7B). These findings suggest that the different materials
may have varying effects on cell viability depending on the cell
type. Further investigation is needed to determine the
specific factors that contribute to the observed differences in cell
viability.

4. Discussion
Collagen and collagen gels have been extensively studied as

matrix and coating for cell culture and diverse clinic applications.
As indicated by Funaki 2017, at a concentration of above 0.5%
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of collagen, the solution forms a gel with a density much lower
than that found in normal tissues. Density can be increased by up
to 20% by compressing the collagen gel, mimicking the density
of cartilage and dermis. The compression results from the reduc-
tion of the fluid content from the collagen gel.*? Another option
is to crosslink the collagen either with collagen or with other pol-
ymers. As shown in Figure 2A,B, the SEM images provide visual
evidence of the structural modifications induced by the crosslink-
ing process in the collagen matrix. These results not only high-
light the effectiveness of the crosslinking treatment but also
underscore its potential impact on the overall properties and
functionalities of the collagen-based materials. The enhanced
compactness is further corroborated by the finding in

© 2023 Wiley-VCH GmbH
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Figure 2B, where the crosslinked collagen displays more fiber
structure compared to its noncrosslinked counterpart. Moreover,
the formation of a porous microstructure within the crosslinked
collagen matrix, as evidenced by the SEM images, is indicative of
the interconnectivity of the collagen network. The presence of

Adv. Eng. Mater. 2023, 2300508
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these pores might offer potential advantages such as increased
surface area and enhanced cell infiltration, which are crucial
for tissue regeneration and biomaterial integration.
Microenvironment and its stiffness have a crucial role by cel-
lular responses including adhesion, differentiation, and
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proliferation. As reported by Engler, osteoblasts may differentiate
better in a gel/matrix with higher stiffness for example the poly-
acrylamide gel exceeding 10 kPa stiffness.’*>%) Therefore, in the
present study, the elastic-viscous properties of collagen matrices
are the focus of physical characterization. The elasticity of a mate-
rial, or the energy stored during deformation, is described by the
storage modulus, while the viscosity, or the energy dissipated
during deformation, is described by the loss modulus. The inter-
section of G’ and G” on a shear deformation plot identifies the
flow point. Materials with a higher flow point require more force
to initiate flow. A higher storage modulus (G’) indicates a higher
material stiffness. The loss factor tan & is an indicator for elastic
properties. If a material has a higher G’ and smaller G”, the
resulting tan § will be lower and a value near zero indicates
ideal-elastic behavior. When the storage modulus values are
higher than the loss modulus values, the material is referred
to as a viscoelastic solid. As shown in the Figure 4C, the cross-
linking process resulted in an increase in G’, indicating an
increase in the elastic properties. Samples containing 0.001%,
0.005%, and 0.01% riboflavin exhibited the highest increase,
exceeding 1000 Pa, while samples containing 1% riboflavin
showed the lowest increase. These findings suggest that exces-
sive crosslinker amounts may not improve the crosslinking reac-
tion and the resulting degree of crosslinking. G" showed only
slight changes before and after the crosslinking indicating that
the viscosity of the collagen matrix did not change significantly.
These properties are important for the injection purposes of col-
lagen matrices and ensure their potential as a versatile biomate-
rial for injectable implants.

Interestingly, when the collagen foams were stored at 4 °C for
24 h, the measurements were compared within the limit of the
LVEs to ensure that no material degradation occurred, which
could potentially introduce artifacts into the data*
Additionally, the samples behave in a more predictable and con-
sistent manner. Following storage modulus, the noncrosslinked
collagen had a mean G’ limit of 1417 + 187 Pa. In contrast, the
crosslinked collagen displayed a G’ limit range of 2592 & 594 Pa
to 3178 £ 594 Pa, depending on the concentration of riboflavin
used for crosslinking. The G” values of the crosslinked collagen
containing 0.0019%, 0.005%, and 0.01% riboflavin did not exhibit
a significant difference from the noncrosslinked collagen, while
the other samples showed apparent differences. These results
confirmed the previous analyses that the crosslinking process
with certain concentration of riboflavin increased the elasticity
and stability of collagen, as evidenced by the increase in G’, with-
out affecting the viscosity or reducing the resistance to deforma-
tion, as indicated by the lack of change in G”. In addition, the
tan & values also support the use of crosslinked collagen contain-
ing 0.001% and 0.005% riboflavin as they resulted in the lowest
tan & values of 0.043 (SD=0.017) and 0.039 (SD=0.001),
indicating a higher proportion of viscoelastic properties.

The incorporation of the biphasic bone substitute (BBS) mate-
rial into the collagen-based composite offers a compelling oppor-
tunity to enhance its mechanical properties and stability.
Previous studies have highlighted the exceptional properties of
BBS,***! further supporting its attractiveness as a component
for reinforcing the composite material. In this study, our primary
focus has been on characterizing the mechanical properties and
degradation resistance as a representative for the mechanical
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properties of the composite. This approach allows us to evaluate
the overall performance of the composite material, considering
the significant role of collagen in determining its mechanical
characteristics.

To achieve the integration of collagen into the porous BBS, the
adsorption of collagen on differently charged surfaces was inves-
tigated via a quartz crystal microbalance (QCM) and measure-
ments of §-potential in our previous studies.*® Our findings
indicated that collagen can be stably adsorbed on both negatively
and positively charged surfaces because of its amphipathic
nature. Therefore, the negatively charged BBS used in this study
favored the adsorption of collagen under the specific process con-
ditions with a net positive charge. In the present study, the XTT
assay and BrdU assay were utilized to comprehensively evaluate
the cytocompatibility of the prepared injectable composite mate-
rial BBS_xCol, BBS_Col, and Col. By combining these two
assays, it is possible to gain a more comprehensive understand-
ing of the cytotoxicity of the biomaterial, as they measure differ-
ent aspects of cell viability. The proliferation rate of both tested
cell lines demonstrated a comparable trend across all tested
materials, as depicted in the Figure 7, indicating that integration
of crosslinked collagen into BBS did not significantly affect cell
viability. The slightly decreased viability of the cells is a tempo-
rary effect due to the addition of differently prepared collagen
and crosslinked collagen. Further studies are necessary to assess
the efficacy of the developed composite material invivo and to
optimize its composition for potential clinical translation.
In particular, the inclusion of advanced imaging techniques
and intelligent computational analysis could provide valuable
insights into the interfacial interactions and cellular responses
within the material both in vitro and in vivo.”!

5. Conclusion

In this study, a novel injectable material comprising crosslinked
collagen and BBS was developed and characterized for its func-
tionality. The collagen matrices without UVA/riboflavin cross-
linking were analyzed using a rheometer and a GPC system.
The results showed that collagen crosslinked with 0.001% and
0.005% riboflavin exhibited significantly higher stability and
elasticity. Biocompatibility of the collagen-BBS and crosslinked
collagen-BBS composites was assessed using XTT and BrdU
assays in fibroblast and preosteoblast cultures. The results
revealed that the new materials demonstrated good biocompati-
bility, with over 80% cell viability. The XTT assay also showed
high metabolic activity in the cells. However, proliferation rates
in BBS_Col and BBS_xCol were up to 40% lower than the control
samples and culture media, indicating that regulation of the pro-
liferation rate varies depending on different signals and cannot
be simply categorized as good or bad. Overall, the findings indi-
cate that the developed BBS_Col and BBS_xCol composite mate-
rials are highly biocompatible and have potential for use as an
injectable biomaterial in various surgical procedures.
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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., Korte, 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 | 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. | also prepared samples for in vivo implantation, although
animal experiments were performed by colleagues. Furthermore, | 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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Deciphering UVA/Riboflavin Collagen Crosslinking: A
Pathway to Improve Biomedical Materials

Lu Fan, Ole Jung, Markus Herrmann, Marina Shirokikh, Sanja Stojanovic, Stevo Najman,
Fabian Korte, Xin Xiong, Katja Schenke-Layland,* and Mike Barbeck

Collagen crosslinking employing ultraviolet A rays and riboflavin (UVA/R) has
emerged as a pivotal technique in clinical therapies, especially in
ophthalmology since the 1990s. Despite its clinical adoption, the lack of clarity
of the detailed mechanism and the imperative for a refined manufacturing
process necessitates further investigation. This study advances the
understanding of UVA/R crosslinked collagen, concentrating on identifying
the primary crosslinking sites using seven synthetic peptides and exploring
the pathways of riboflavin-mediated crosslinking. The results demonstrate
that tyrosine residues are key crosslinking sites, and riboflavin plays a dual
role as both a catalyst and a competitive inhibitor in the crosslinking process.
Furthermore, the UVA/R crosslinked collagen matrix exhibits a more
harmonious balance between stability and degradability compared with
chemically crosslinked collagen matrices, coupled with superior mechanical
properties and augmented biocompatibility. In vivo experiments further
validate its excellent biocompatibility, reduced tissue inflammation, and
promotion of tissue regeneration. The research provides crucial insights into
collagen crosslinking mechanisms, paving the way for the development of
sophisticated collagen-based biomaterials tailored for biomedical applications.

1. Introduction

Collagens have been extensively utilized in various biomedi-
cal fields as functional biomaterials, including wound healing,

bone grafts, and regeneration, ophthal-
mology, cardiovascular, and neural tissue
engineering.!'*] To optimize the func-
tionality of the collagens, mainly collagen
type I (collagen), in these applications,
crosslinking is often imperative, enhancing
its mechanical properties, biostability, bio-
compatibility, and other functionalities./*°!
Among the various crosslinking tech-
niques, ultraviolet A rays and riboflavin
(UVA/R) crosslinking stands out as a
particularly promising technique, hav-
ing been approved for clinical use in
ophthalmological therapy since the early
1990s.7] This inherent convenience and
safety hold tremendous potential for
expanding collagens’ application land-
scape across diverse biomedical fields.[®°)

The realm of UVA photocrosslinking is
rapidly advancing, revealing promising ap-
plications across medical disciplines.'"! Its
utility now extends to creating innovative
hydrogels aimed at minimizing postopera-
tive adhesions, which has potential to rev-
olutionize laparoscopic surgery recovery.'!]
Moreover, UVA/R crosslinked acellular porcine cornea are be-
ing evaluated as a potential scaffold for Boston Keratopros-
thesis, reflecting significant strides in biocompatibility and
efficiency.*>"¥) This technique’s application has diversified, with
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groundbreaking methods like the glutaraldehyde-free prepara-
tion for cardiac implants,'*) meniscus tissue engineering,*’)
controlled drug delivery device,[') and extends its influence into
cutting-edge research domains including 3D bioprinting!'”!%l
and organ-on-a-chip systems, showcasing the dynamic potential
of UVA/R crosslinking in modern biomedical engineering.['>-%%]

Despite these promising applications, the mechanism un-
derlying UVA/R crosslinking remains an area of ongoing re-
search and debate. Many studies suggest that riboflavin functions
primarily as a photocatalyst generating reactive oxygen species
(ROS) to induce collagen oxidation and polymerization.[*?32*]
Alternative theories propose that this is a much more com-
plex photochemical process, which is oxygen and/or UVA
exposure-dependent.|”>2°l Debates also exist regarding the spe-
cific crosslinking sites on collagen molecules, with some assert-
ing non-selectivity,>?”! while others point to amino acids like ly-
sine, histidine, arginine, tyrosine, or methionine./”*3! These dif-
fering viewpoints on UVA/R crosslinking mechanisms under-
score a lack of comprehensive understanding, presenting chal-
lenges in standardizing manufacturing processes and in the reg-
ulatory evaluation of medical devices. To address these knowl-
edge gaps and potentially increase applications using collagen,
our study investigates the fundamental principles of UVA/R
crosslinking. By exploring alternative mechanistic explanations
and unraveling the intricate interactions between collagen and ri-
boflavin, we provide valuable insights that will contribute to the
refinement and optimization of UVA/R crosslinking techniques.
However, investigating the crosslinking mechanism in collagen
presents significant challenges due to the dynamic photochem-
ical processes and collagen molecular complexity.**>%] To un-
ravel these detailed mechanisms, advanced experimental tech-
niques and comprehensive analytical methods are required to
identify and characterize the transient intermediates and path-
ways accurately.**¢ Additionally, the variability in collagen’s
physical and chemical properties, influenced by the collagen
source, type, processing, and environmental factors add layers
of difficulty to these studies, necessitating a nuanced approach
to fully understand the crosslinking process.*7-#!]

In our study, we adopted an innovative experimental frame-
work, synthesizing seven synthetic peptides representing cru-
cial potential crosslinking sites on collagen, focusing on amino
acid residues such as tyrosine (Y), lysine (K), arginine (R), me-
thionine (M), histidine (H), tryptophane (W), and phenylalanine
(F). These amino acids were selected for their reactive groups
and positions in the non-helical region of the collagen molecule,
which is more accessible for crosslinking reactions and crucial
for enhancing mechanical properties. (Figure 1) By exposing
these peptides and native collagen to varied UVA energy and ri-
boflavin ratios, we dissected the crosslinking process using liquid
chromatography-mass spectrometry (LC-MS). We also compared
UVA/R crosslinking with chemical crosslinkers, utilizing Raman
microspectroscopy to discern distinct molecular alterations post-
crosslinking. We evaluated mechanical strength, thermal stabil-
ity, degradation resistance, and cytotoxicity, culminating in in
vivo implantation trials to assess biocompatibility and tissue re-
generation potential. By dissecting the crosslinking process at a
molecular level, our study reveals critical insights into the roles
and interactions of specific amino acids, shedding light on the in-
tricate dynamics of UVA/R crosslinking. These discoveries hold
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Figure 1. Schematic of UVA/riboflavin collagen crosslinking. UVA: Ultra-
violet A light, the source of photoactivation. R: ground state riboflavin. R*:
excited state of riboflavin upon initial UVA exposure. 3R*: Triplet state ri-
boflavin after intersystem crossing, a higher energy state capable of engag-
ing in crosslinking reactions. O,: molecular oxygen. '0,: singlet oxygen, a
reactive oxygen species generated by energy transfer from photoactivated
riboflavin to molecular oxygen. HO,*: hydroperoxyl radical. RH: general
structure representing a hydrogen donor. R, oxidized form of the hy-
drogen donor following hydrogen transfer. Amino acids: Y (tyrosine), K
(lysine), R (arginine), M (methionine), H (histidine), W (tryptophan, not
present in porcine collagen type 1), F (phenylalanine).

substantial implications for advancing biomaterial science, offer-
ing a foundation for developing advanced, biocompatible, and
mechanically robust biomaterials, thus paving the way for more
effective and safer biomedical applications.

2. Results and Discussion

2.1. Preparation and Characterizations of the Collagen Matrix

Type [ collagen, sourced from porcine skin due to its close re-
semblance to human tissue, offers a robust framework for tissue
engineering.[*>*] This form of collagen is ideal for biomedical
applications because of its abundance in the skin and its well-
defined triple-helical structure comprising two al chains and
one a2 chain (Figure 2A) 1*%°] SDS-PAGE indicated the integrity
and purity of our porcine-derived collagen after a series of me-
chanical homogenization processions, using rat tail collagen as a
control. Figure 2B showcases distinct bands in the SDS-PAGE
gel for both porcine skin-derived collagen (P-col) and rat tail-
derived collagen (R-col), highlighting the a; and a, bands at =150
and 140 kDa, respectively. No further bands below the 100 kDa
were observed. Higher molecular weight bands, corresponding to
dimers (f) and trimers (y), were also discernible, indicating the
collagen matrix’s high purity and maintained integrity following
mechanical processing.[*®l Circular dichroism (CD) spectroscopy
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Figure 2. Structural and mechanical characterization of collagen pre- and po

st-UVA/riboflavin treatment. A) Molecular model of the collage type | triple

helix structure, the fundamental building block of collagen matrices. B) SDS-PAGE analysis depicting the characterization of collagen type | extracted
from rat tail (R-col) and porcine skin (P-col). C) Circular dichroism (CD) spectra of R-col and P-col, with ellipticity indicating preservation of the colla-
gen secondary structure. D) Scanning electron microscopy images presenting the morphological examination of non-crosslinked collagen and UVA/R
crosslinked collagen in their hydrated-frozen state (a,b), as well as in their lyophilized state (c,d).

provided further confirmation, exhibiting characteristic negative
and positive peaks that signify the presence of the collagen’s well-
maintained triple-helical conformation (Figure 2C).1*’] Such high
purity and structural integrity are crucial for the effective interac-
tion with crosslinking agents and precise mechanical property
analysis.

Scanning electron microscopy (SEM) was employed to eval-
uate morphological changes in the collagen matrices before
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and after UVA/R crosslinking. (Figure 2D) Initially, the non-
crosslinked collagen displayed a unique crystal-like surface tex-
ture in its hydrated-frozen state, deviating from the conven-
tional fibrillar structure due to the homogenization and stir-
ring/foaming processes implemented during its preparation
(Figure 2Da). This intentional disruption was necessary for fur-
ther matrix design. Following crosslinking, a noteworthy trans-
formation was observed in the UVA/R crosslinked collagen
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matrix. It exhibited an intricate, porous architecture with inter-
connected voids and pores, ranging from 1 to 20 um in size,
contributing to its three-dimensional complexity. (Figure 2Db)
The heterogeneity in pore size may foster a more natural and
dynamic environment for cells, allowing for varied cell adhesion,
migration, and nutrient diffusion, which are crucial for tissue re-
generation and repair!***°! Moreover, the restructured collagen
fibers may enhance mechanical cues that can guide cellular align-
ment and differentiation, thus contributing to the formation of
a more functional and organized tissue structure in biomedical
applications.’*°!l Furthermore, the densification and increased
stiffness resulting from lyophilization suggest enhanced resis-
tance to mechanical deformation, an essential characteristic for
biomaterials exposed to physiological stresses (Figure 2Dc,d).
This enhanced mechanical robustness not only ensures the struc-
tural integrity of the collagen matrix under varying physical con-
ditions but also potentially extends its functional lifespan, mak-
ing it more suitable for long-term biomedical applications such
as implantable devices or tissue scaffolds.l*?]

2.2. Exploration of the UVA/R Crosslinking Mechanism

Having established the fundamental aspects of the collagen
matrix preparation and analyzed its initial characteristics, we
then delved into the exploration of the mechanism of UVA/R
crosslinking, a pivotal process that significantly alters and en-
hances the matrix’s properties. This section investigates where
crosslinks form on the collagen molecule, the role of riboflavin
as a catalyst or participator, and further postulates the necessity
for adjustments of the collagen UVA/R crosslinking in the vari-
ous applications.

2.2.1. Where do Crosslinks Form on the Collagen Molecule?

In our study, we probed the crosslinking mechanism of type I
collagen at the molecular level, focusing on non-helical regions
that enhance mechanical properties post-crosslinking. Employ-
ing seven synthetic peptides representing crucial amino acids—
tyrosine (Y), lysine (K), arginine (R), methionine (M), histidine
(H), tryptophane (W), and phenylalanine (F)—we aimed to iden-
tify specific sites of crosslinking. These amino acids were se-
lected for their distinct reactive functionalities and strategic po-
sitions within collagen the molecule (Figure S1, Supporting In-
formation). Specifically, tyrosine (Y) possesses a reactive phenol
group capable of engaging in covalent bonding.*’! Lysine (K)
and arginine (R) are equipped with amino groups that are can-
didates for chemical bond formation.**** Histidine (H) is char-
acterized by an imidazole ring, and phenylalanine (F) by an aro-
matic ring, both offering potential sites for reactivity.*’! Our LC-
MS analyses delineated a distinct pattern: modifications post-
UVA/R treatment occurred exclusively in tyrosine-bearing pep-
tides, likely due to the generation of covalent di-tyrosine link-
ages (Figure 3A,B). This specificity was further accentuated by
the absence of covalent bonding products in the other six amino
acids including peptides, underscoring the preferential role of ty-
rosine in the crosslinking mechanism (Figures S2 and S3, Sup-
porting Information). The propensity for di-tyrosine formation,
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initially posited from our synthetic peptide studies, was con-
clusively corroborated by the LC-MS analysis of hydrolysates of
UVA/R crosslinked collagen (Figure 3C,D). During the exami-
nation of UVA/R crosslinked collagen, di-tyrosine was reliably
identified by using multiple reaction monitoring (MRM) mode
in mass spectrometry and authenticated through comparisons
with a di-tyrosine standard.”®! Notably, our LC-MS scrutiny of
collagen hydrolysates disclosed a peak highly akin to, yet dis-
tinguishable from, the di-tyrosine standard. Acknowledging the
likelihood of isomeric or spatial variations within the collagen
molecules, we cautiously infer, predicated on mass considera-
tions, that the coinciding peaks could represent di-tyrosine forms
(Figure S4, Supporting Information).’>%l Given the protein se-
quence of porcine type I collagen (Access numbers AOA1S7]210
for COL1A1 and A0A1S7J1Y9 for COL1A2), the complete ma-
ture collagen molecule should exhibit a molecular weight of
282.85 kDa, encompassing 3152 amino acid residues, inclusive
of 13 tyrosine residues. If we assume all these tyrosine residues
are equally reactive and available for crosslinking, our LC-MS re-
sults intimate that a conservative estimate of crosslinked tyrosine
within the collagen matrix is at least 14.3% (Figure S5, Support-
ing Information). This deduction is instrumental in appraising
the extent of collagen crosslinking affected by UVA/R conditions
and enriches our comprehension of its mechanisms.

The substantiation of di-tyrosine in hydrolyzed UVA/R
crosslinked collagen is a pivotal affirmation of tyrosine’s exclu-
sivity in the crosslinking schema. Such evidence not only echoes
the synthetic peptide experimental results but also exemplifies
the practical relevance of tyrosine crosslinking in collagen matri-
ces. The presence of di-tyrosine serves as a molecular hallmark
of successful crosslinking, offering an imperative insight that is
anticipated to be crucial for refining UVA/R crosslinking tech-
niques in collagen tailored for biomedical utilizations.

2.2.2. Riboflavin: Crosslinking Catalyzer or Participator?

In exploring the role of riboflavin in collagen crosslinking, our
study uncovers its dual function as both a catalyst and a par-
ticipator. By examining the relationship between tyrosine and
riboflavin ratios in both the peptide and collagen systems, we
observed similar notable trends: a positive correlation between
crosslinking efficacy and riboflavin at lower ratios, which reverses
at higher concentrations (Figure 3E). For example, in collagen,
at lower riboflavin concentrations (tyrosine/riboflavin ratios of
1/0.0625 to 1/0.25), there was a significant increase in the stor-
age modulus compared to the non-crosslinked collagen. How-
ever, at higher concentrations, the storage modulus sharply de-
clined (Figure 3F).

The noticeable reduction in the mechanical strength of col-
lagen matrices at elevated riboflavin concentrations prompted
an exploration of the underlying mechanisms. Our investiga-
tion was guided by a theoretical kinetic model, indicating a criti-
cal dependence of the two pathways of riboflavin-mediated pho-
tocrosslinking on ambient oxygen levels.[®!] This model inspired
our discovery: the crosslinking efficiency is markedly sensitive to
riboflavin concentration, particularly in environments with con-
sistent oxygen availability. This nuanced photochemical behav-
ior of riboflavin suggests two primary reaction pathways upon
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Figure 3. Dissecting the UVA/R crosslinking mechanism in collagen. A) LC-MS chromatograms post UVA/R treatment of Ac:cAGGY-NH2 peptide
with control samples of Ac-AGGY-NH, and riboflavin. B) Mass spectra correlating with newly emerged peaks (a-d) in chromatograms of UVA/R
treated Ac-AGGY-NH2. C) LC-MS chromatograms of di-tyrosine standard and hydrolysates of non-crosslinked collagen and UVA/R crosslinked collagen,
D) with corresponding mass spectra. E) Storage modulus (G') of collagen as a function of UVA exposure (m) cm~?), showcasing the dose-dependent
increase in mechanical properties. F) Storage modulus (G’) in relation to the Tyr (in collagen)/riboflavin ratio, illustrating the impact of varying riboflavin
concentrations on the mechanical strength of the collagen matrices.
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UVA excitation, as illustrated in Figure 1. Initially, riboflavin acts
as a photocatalyst, generating ROS that facilitate intermolecular
crosslinking, predominantly at tyrosine residues located in the
non-helical regions of collagen. This process enhances the me-
chanical properties of the matrix. However, an alternative path-
way becomes predominant at higher riboflavin concentrations,
where riboflavin actively engages in the crosslinking reaction,
depleting ROS and subsequently diminishing crosslinking effi-
ciency. Furthermore, electron transfer processes may induce in-
teractions between positively charged amino acid residues like
lysine, histidine, and arginine, and negatively charged riboflavin,
potentially influencing the mechanical properties of the collagen
matrix. This aspect merits further experimental validation.

Additionally, UVA exposure for crosslinking the collagen ma-
trix was also optimized in our study. Our findings as illustrated
in Figure 3E indicate that the optimal UVA exposure for colla-
gen matrix crosslinking was 10800 mJ cm~2. Beyond this UVA
dosage, the storage modulus of the collagen matrices noticeably
decreased, suggesting potential degradation of the collagen scaf-
fold due to overexposure. Interestingly, for peptide crosslinking,
the optimal UVA dosage was markedly lower, at 600 m] cm™
(Figure S6, Supporting Information); and in another work, Ue-
mura et al. identified that the optimal UVA exposure for human
dentin collagen crosslinking was 1600 m] cm™2.1°)

Overall, these insights uncover an additional layer of the
UVA/R crosslinking mechanism, highlighting the crucial need
to fine-tune riboflavin concentration and UVA exposure for prac-
tical applications. The notable disparity between in vivo tissue
environments and in vitro collagen crosslinking systems is sub-
stantial. Variations in collagen sources (tyrosine residue content),
concentration, density, and differing buffer conditions necessi-
tate tailored approaches for adjusting riboflavin concentration
and UVA exposure to achieve optimal crosslinking outcomes. (%]

2.3. Comparative Investigation of the Impact of UVA/R and
Chemical Crosslinking on Collagen Matrices

After elucidation of the complexity of the UVA/R crosslinking
mechanism, we turned our attention to the comparative investi-
gation aimed at comprehensively evaluating the effects of differ-
ent chemical crosslinking techniques on collagen matrices. Each
analysis contributes to a holistic understanding of the structural
and functional alterations induced by UVA/R and other chemical
crosslinking methods.

2.3.1. Raman microspectroscopy

Raman microspectroscopy has offered a profound insight into
the molecular integrity of collagen matrices subjected to different
crosslinking techniques.**®) Detailed peak assignments along
with their corresponding references are compiled in Table S3
(Supporting Information). In our study, Col UVA/R crosslinked
collagen (Xcol_UVA/R) and EDC/NHS crosslinked collagen
(Xcol_EDC/NHS) retained their quintessential secondary struc-
tures post-crosslinking when compared with non-crosslinked
collagen (Col), as evidenced by the consistent amide bands across
all samples: Amide IIT (1260 cm™'), Amide II (1452 cm™), and

Adv. Funct. Mater. 2024, 2401742 2401742 (6 of 14)
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Amide I (1664 cm™) (Figure 4A). The spectra revealed that while
the characteristic triple-helix structure of collagen was main-
tained, there were notable reductions in the intensity of peaks
(815, 936, 971, and 1080 cm™') associated with the side-chain vi-
brations of amino acids involved in both UVA/R and EDC/NHS
crosslinking reactions.|®%] Such findings suggest subtle yet
definitive molecular rearrangements within the collagen’s ar-
chitecture, particularly affecting vibrational modes, such as C-
C stretching, C-C stretching wagging, and CH; rocking within
lysine, hydroxylysine, and tyrosine residues, which are crucial
for the crosslinking process. Notably, the extent of intensity re-
duction was more pronounced in EDC/NHS crosslinked colla-
gen, indicating a higher abundance of lysine and hydroxylysine-
mediated crosslinks compared to the tyrosine-mediated ones in
UVA/R crosslinking. An intriguing shift from 936 to 927 cm™'
after EDC/NHS crosslinking possibly alludes to heightened ten-
sion arising from proline residue packing post-crosslinking.

Further scrutiny via multivariate principal component analy-
sis (PCA) corroborated these structural nuances, discriminating
between the untreated and crosslinked samples (Figure 4B-D).
The distinct clustering of PC-3 and PC-4 scores elucidated the
molecular underpinnings unique to each treatment, with the
UVA/R crosslinking manifesting a distinct molecular fingerprint
when compared to its chemical counterpart. The PC-3 scores of-
fered positive scores evident for Xcol UVA/R spectra and neg-
ative scores for Col and Xcol EDC/NHS. This trend was mir-
rored in the PC-3 loading plot, featuring prominent peaks at
936 cm™' (proline) and 1688 cm™ (Amide I). In tandem, the
PC-4 scores revealed positive ranges for both Xcol _UVA/R and
Xcol_EDC/NHS, whereas Col spectra clustered in the nega-
tive range. The corresponding PC-4 loadings plot pinpointed
crosslinking-associated peaks at 896, 980, 1099, 1309, 1439, and
1655 cm™!, signifying the vibrational modes of v (C-C), v (C-N), as
well as CH,/CH, twisting, bending, or wagging mode deforma-
tion among others, reinforcing the crosslinking-driven molecular
distinctions observed.!®65-70]

Raman microspectroscopy provided molecular fingerprinting
patterns that elucidate the changes occurring at the molecular
level in collagen post-crosslinking, as well as the different charac-
teristics between collagen crosslinked by UVA/R and EDC/NHS
methods. These spectroscopic findings are pivotal in guiding the
functionalization of collagen for advanced biomedical applica-
tions.

2.3.2. Size-Exclusion Chromatography of Digested Collagen Matrix

Size-exclusion chromatography (SEC) of collagenase-digested
samples revealed marked differences in the molecular profile
of collagen matrices post-crosslinking (Figure 4E-G). Given that
collagenase primarily cleaves the peptide bonds within collagen
molecules at the characteristic Gly-X-Y triplets, where X and Y
are often proline or hydroxyproline residues, the enzymatic di-
gestion process yields smaller peptide fragments. The presence
of larger peptide fragments in crosslinked samples, especially
noticeable in the region of peak 1, is indicative of the effective-
ness of crosslinking in impeding enzymatic cleavage. This find-
ing was particularly pronounced in the UVA/R crosslinked sam-
ple, where the sizeable peptide entities were retained to a degree
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Figure 4. Comprehensive characterization of non-crosslinked collagen (Col), UVA/R crosslinked collagen (Xcol_UVA/R), EDC/NHS crosslinked collagen
(Xcol _LEDC/NHS), and genipin crosslinked collagen (Xcol_Genipin) matrices. A-D) Raman microspectroscopic analysis: (A) Average Raman spectra
highlighting distinct peaks and patterns. Each condition was replicated at least thrice (n > 3), with multiple spectra acquired for each replicate (n > 25).
Multivariate data analysis outcomes include principal component analysis (PCA) results featuring PCA spectral loadings of PC-3 and PC-4 (C), scores
plot of PC-4 versus PC-3 (B), and statistical representation of PC-3 and PC-4 scores as mean values + SD (D). Confidence ellipses in (B) signify 95%
confidence intervals. E-G) Size-exclusion chromatography analysis: traces depicting the behavior of collagen matrices, as detected using a UV detector.
Close-up views of Peak 1and Peak 2 are detailed in (F) and (G). Dynamic H) storage modulus (G’) and 1) loss modulus (G”) extracted from the plateau
LVE region during frequency sweeps.

similar to that of chemically crosslinked samples. Such an ob-
servation highlights the comparable efficacy of UVA/R crosslink-
ing to traditional chemical methods like EDC/NHS and genipin
in protecting collagen matrices from enzymatic digestion.
Moreover, the UVA/R crosslinking demonstrated an advanta-
geous profile with fewer smaller by-products relative to chem-

Adv. Funct. Mater. 2024, 2401742 2401742 (7 of 14)

ical crosslinking. The chromatograms for the EDC/NHS and
genipin-treated samples showed additional peaks, suggesting
the presence of by-products, which could potentially lead to
cytotoxic effects or provoke immune responses when used in
biomedical applications.I”*! In contrast, the UVA/R crosslinking
process appears to have resulted in a cleaner profile with less
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fragmentation, which may translate to a more favorable safety
profile for in vivo applications. The molecular integrity main-
tained by UVA/R crosslinking, coupled with its reduced by-
product profile, positions it as a potent method for preparing
collagen-based biomaterials for regenerative medicine.**]

2.3.3. Rheological Properties

The rheological properties of crosslinked collagen matrices,
as analyzed by dynamic shear-stress amplitude and frequency
sweeps, provided insights into the mechanical implications
of each crosslinking strategy at physiological temperatures.
(Figure 4H,I) Xcol UVA/R demonstrated an enhanced elastic
profile as evidenced by its storage modulus, without a corre-
sponding loss in material resilience. This balance of elasticity
and durability underscores the potential of UVA/R crosslinking
to fortify the mechanical integrity of collagen scaffolds without
sacrificing the material’s ability to absorb and dissipate energy,
which is an essential characteristic for biomaterials that must en-
dure dynamic physiological environments. On the other hand,
Xcol_EDC/NHS presented an unexpectedly lower storage modu-
lus (Figure 41), suggesting that while chemical crosslinking with
EDC/NHS does modify the material, it may not uniformly en-
hance the elastic properties of the collagen matrix. This find-
ing could have implications for the application of EDC/NHS
crosslinked materials in scenarios where mechanical stiffness is
a prerequisite. In contrast, Xcol_Genipin showed a marked in-
crease in stiffness, as indicated by its higher storage modulus.
However, the increased rigidity may impose limitations on the
material’s functional compatibility, particularly concerning cel-
lular activities.[”?) Materials that are excessively stiff could poten-
tially hinder cell migration and proliferation, both of which are
critical for tissue regeneration and integration.l”374l

Taken together, these results suggest that UVA/R crosslinking
achieves an optimal balance of stiffness and flexibility, which may
be conducive to cellular functions, thus presenting a promising
avenue for further development of collagen-based scaffolds for
regenerative medicine.

2.3.4. Thermal Stability

Differential scanning calorimetry (DSC) measurements, de-
picted in Figure 5A,B, provided essential insights into the ther-
mal stability of the collagen matrices. The denaturation tempera-
ture (Tim), observed as a peak on the DSC curves, marks the tran-
sition point where the collagen triple helix begins to unwind due
to the breakdown of stabilizing hydrogen bonds.!?*! This thermal
event is accompanied by the absorption of heat, which is quantita-
tively measured as the change in enthalpy (A H).1*! In our study,
a noticeable elevation in Tm was recorded for the crosslinked
collagen samples. Specifically, Xcol_UVA/R and Xcol_EDC/NHS
show T values at 75 and 76.0 °C respectively, indicating en-
hanced thermal stability potentially conducive to maintaining
structural integrity at physiological temperatures. Xcol_Genipin,
while displaying a lower Tm at 60.1 °C, still shows increased
thermal resistance relative to non-crosslinked collagen. The en-
thalpy changes (AH) associated with the denaturation process,
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as depicted in Figure 5B, further support these findings, with
Xcol UVA/R and Xcol EDC/NHS demonstrating a substantial
absorption of heat, reflective of the energy required to disrupt
the strengthened collagen structure due to crosslinking. These
thermodynamic characteristics imply that the crosslinking con-
fers additional stability to the collagen matrices, which is crucial
for their performance under thermal stress in vivo.

2.3.5. Degradation Resistance

Our study extended to a comparative degradation analysis of
crosslinked collagen matrices in physiologically relevant condi-
tions using phosphate-buffered saline (PBS) and collagenase so-
lutions (Figure 5C,D). The degradation profile of Xcol _UVA/R
was particularly compelling, exhibiting resistance on par with
chemically crosslinked matrices, thereby marking a significant
improvement over the non-crosslinked collagen. This observa-
tion is pivotal, as it is the first to directly compare the degra-
dation resistance of UVA/R crosslinked collagen with chemi-
cally crosslinked variants. Xcol_EDC/NHS displayed exceptional
durability in PBS, maintaining over 60% of its mass after 30 days,
indicative of its potential for applications where extended stability
is paramount. Genipin-crosslinked collagen also showed remark-
able resistance in collagenase solutions, suggesting its suitability
for environments with active enzymatic degradation.

However, the robustness of these chemically crosslinked ma-
trices raises concerns in the tissue engineering context, where
scaffold degradation kinetics must be synchronized with tissue
regeneration”’] Biomaterials that degrade too slowly may dis-
rupt the delicate process of new tissue formation, potentially in-
terfering with cell migration, vascularization, and the natural tis-
sue remodeling process.*"] Moreover, the persistent presence of
non-degraded materials can provoke a sustained inflammatory
response, which may adversely affect healing outcomes.*'! In tis-
sue engineering, the ideal biomaterial should provide initial me-
chanical support but gradually cede its place to newly formed tis-
sue. Therefore, optimizing the degradation rate to ensure a seam-
less transition from scaffold to native tissue is critical. Qur find-
ings highlight the need for a nuanced approach to the design of
collagen-based scaffolds, aiming for a delicate equilibrium that
supports initial tissue repair and subsequently allows for natu-
ral tissue integration without eliciting chronic inflammation or
other negative responses.

2.3.6. In Vitro Cytotoxicity Test

The biocompatibility of our collagen matrices was evaluated
through the CCK-8 assay utilizing 1929 fibroblasts, following
DIN EN ISO 10993-5: 2009 and DIN EN 10993-12: 2021 guide-
lines. The standard posits that biomaterials should not reduce cell
viability below 70% of the control to be considered biocompatible.
As shown in Figure 5E, the crosslinked collagen matrices, partic-
ularly Xcol_EDC/NHS, exhibited reduced cell viability, suggest-
ing potential cytotoxicity from residual crosslinking agents or by-
products. Contrastingly, Xcol _UVA/R surpassed the biocompati-
bility threshold with viability above 80%, indicating its suitability
for tissue engineering applications due to its favorable balance of
stability and degradation.
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Figure 5. Characterization of collagen matrices and in vitro biological evaluation. A) Differential scanning calorimetry (DSC) curves illustrating the
thermal transitions of collagen matrices, marked with peak temperatures (Tm). B) Enthalpy changes (AH) during denaturation of collagen matrices.
Mass loss during in vitro degradation in C) phosphate-buffered saline (PBS) solution and D) collagenase solution. E) In vitro cytotoxicity test using
L929 fibroblasts via CCK-8 assay, following the I1SO 10993-5 standard. F) Representative confocal laser scanning microscopy (CLSM) images of live-
dead (Calcein-Pl) staining of L929 cells cultured on collagen scaffolds at 1, 4-, and 7-days post-seeding. G) Quantitative analysis of live/dead cell ratio,
derived from the CLSM images, using Image] software for cell quantification. H) Quantification of live cells, highlighting the cell viability and proliferation
across the study period. Statistical evaluation for parts (G) and (H) was performed using ANOVA for multiple comparisons at different time points,
with specific comparisons made between the Xcol_UVA/R group and other groups. (Scale bars in the live-dead staining images correspond to 100 pm.

Calcein in green, Pl in red.).
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Live-dead staining (Figure 5F) with its subsequent quantita-
tive analysis (Figure 5G,H) further highlighted the superior per-
formance of Xcol _UVA/R, which supported cell survival and
proliferation. Initially, at day 1, the live/dead ratios for Col and
Xcol_UVA/R groups were comparable, corroborating the results
of the extraction cytotoxicity test depicted in Figure SE. However,
as the culture progressed to days 4 and 7, the Xcol_UVA/R scaf-
fold demonstrated its superiority with significantly enhanced cell
viability and proliferation, likely attributable to its biomechanical
attributes. While the non-crosslinked collagen scaffold, despite
being biocompatible, did not exhibit the structural integrity nec-
essary for optimal cell-material interactions, as evidenced by its
performance at 4 and 7 days. In contrast, the collagen matrices
crosslinked with EDC/NHS and genipin displayed diminished
live cell ratios throughout the duration of the study, which could
raise concerns regarding their cytotoxicity profiles.

Our comprehensive analyses encompassing enzymatic diges-
tion profiles, mechanical strength, thermal stability, and degrada-
tion resistance, when juxtaposed with in vitro cytotoxicity assess-
ments, reveal a multifaceted evaluation of crosslinked collagen
matrices for biomedical applications. Xcol _UVA/R stands out
with its balanced profile; it exhibits comparable thermal stabil-
ity and degradation resistance to chemically crosslinked counter-
parts, maintaining structural integrity under physiological con-
ditions while supporting robust cell viability and favorable cell-
material interactions. The enzymatic digestion results, indicat-
ing reduced degradation in crosslinked samples, align with the
observed enhancement in mechanical and thermal properties,
corroborating the crosslinking’s effectiveness in bolstering ma-
trix resilience. However, the mechanical robustness and reduced
degradability, as seen in Xcol_EDC/NHS and Xcol_Genipin, may
be a detriment to the delicate equilibrium required for tissue re-
generation. These matrices show limited enzymatic breakdown
and increased thermal resistance, yet this durability could po-
tentially impede natural tissue remodeling, as indicated by their
lower cell viability. In the realm of tissue engineering, where scaf-
fold degradation is expected to pave the way for new tissue for-
mation, materials like Xcol _UVA/R that strike an optimal bal-
ance between stability and degradability are preferred.”®””) They
facilitate cellular functions without invoking a prolonged inflam-
matory response, thereby enhancing the healing outcomes.®! In
summary, the choice of crosslinking method profoundly impacts
the scaffold’s performance, with UVA/R crosslinking emerging
as a promising approach to creating biocompatible, stable, yet
degradable scaffolds conducive to successful tissue engineering
applications.

2.4. Histological Assessment of Subcutaneous Implants

The exceptional biocompatibility and osteoconductivity of colla-
gen make it a cornerstone for bone grafting applications. How-
ever, its utility has historically been limited by biomechanical sta-
bility. Through the application of an innovative UVA/R crosslink-
ing process, we have successfully addressed this limitation, sig-
nificantly enhancing the mechanical stability of our collagen scaf-
folds. The integration of inorganic bone substitutes (BS), such
as hydroxyapatite and g-TCP, provides the necessary mechan-
ical support for long-term bone remodeling, while lacking the
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ECM components crucial for early cell interactions and scaf-
fold degradability. Our innovative injectable composite scaffold
with UVA/R crosslinked collagen matrix and BS, therefore, is
designed to optimize both initial cell engagement and endur-
ing bone remodeling. Through subcutaneous evaluations and de-
tailed histological assessments of the implanted scaffolds, we've
achieved a nuanced understanding of material integrity and tis-
sue response dynamics. This includes an in-depth analysis of
tissue reactions, notably immune responses, to ascertain bio-
compatibility and derive critical insights for future applications.
This methodical approach underscores our commitment to thor-
oughly exploring the interaction between our engineered matri-
ces and biological systems.

2.4.1. Tissue Reaction Analysis

Movat’s Pentachrome staining is a multipurpose histological
technique that distinctly marks various components of con-
nective tissue, facilitating their differentiation in histological
sections.!”®! In this study, Movat's pentachrome staining was uti-
lized to visually distinguish and semi-quantitatively analyze GAG
and collagen distribution within the tissue sections, revealing
the distinct behaviors of the implanted non-crosslinked collagen-
and UVA/R crosslinked collagen-based scaffolds (BS-Col and BS-
Xcol_UVA/R) within the tissue environment (Figure 6A-C). By
day 10 post-implantation, both groups showed collagen matri-
ces within the implantation beds (Figure 6B). Notably, the BS-
Xcol_UVA/R group demonstrated a remarkable adherence to the
bone substitute surface in contrast to the loosely associated ma-
trix observed in the BS-Col group, suggesting enhanced matrix
stability potentially conferred by the UVA/R crosslinking process.
The quantitative analysis further corroborated these findings, in-
dicating a higher collagen content within the BS-Xcol UVA/R
implantation sites compared to BS-Col (Figure 6C), which may
proof the profound effect of crosslinking on matrix integrity.
As the tissue formation progressed, the initially similar gly-
cosaminoglycan (GAG) levels took a consequential turn, show-
ing a decrease over time, suggesting an ongoing tissue response,
cellular activity, and a dynamic matrix remodeling process over
time %)

By day 30, the BS-Xcol_UVA/R group exhibited a striking re-
tention of collagen content, with the matrix persisting around the
bone substitute surfaces. This sustained presence, validated by
quantitative analysis, highlighted the enduring effects of UVA/R
crosslinking on matrix stability. (Figure 6C) The tissue within the
scaffolds had matured, as evidenced by the increased vascular-
ization in both groups.®"! However, a distinct immune profile
was observed; the BS-Col group showed a higher prevalence of
macrophages and multinucleated giant cells, suggesting an on-
going response to the scaffold degradation./®!#2]

2.4.2. Immune Response Evaluation

Our histological exploration into the immune responses at the
subcutaneous implantation sites revealed nuanced interactions
between the host’s defenses and the implanted collagen matrix-
based composites. Initially, at day 10, pro-inflammatory CD11c-
positive macrophages were prominent around the implants
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Figure 6. In vivo tissue reaction and immune response to collagen matrix-based materials: BS-Col and BS-Xcol _UVA/R. A) Schematic illustration
depicting the injectable composite material composed of collagen matrix and bone substitute (BS), subcutaneously implanted into BALB/c mouse.
B) Representative histological images of the implantation areas of BS-Col and BS-Xcol_UVA/R at day 10 and 30 post-implantation using Movat's Pen-
tachrome staining. C) Quantification of Movat’s Pentachrome via color deconvolution analysis using Image]). Yellow-green = collagen, green-blue =
glycosaminoglycan (CAG). Presented as a percentage of the total stained area. D) Representative immunohistochemical images of pro-inflammatory
(CD11¢) and anti-inflammatory (CD163) macrophage subtypes in the implantation areas of the respective groups. E) Histomorphometric (quantitative)
analysis of CD11c-positive and CD163-positive macrophage subtypes in the implantation areas of the respective groups using Image|. Black stars = bone
substitute (BS), red stars = newly formed vessels, orange triangle = collagen, green triangle = multinuclear giant cells, yellow triangle = CD11¢-positivie
cells, blue triangle = CD163-positive cells. Scale bar = 100 pum.

in both groups, with fewer CD163-positive anti-inflammatory
macrophages present in the periphery (Figure 6D). Quantitative
assessments (Figure 6E) further delineated the immune land-
scape, showing a predominance of M1 macrophages (CD11c-
positive) over M2 macrophages (CD163-positive) in the BS-Col
group, with cell counts of 153.3 + 29.0 cells/cm? and 50.0 + 14.7
cells/cm?, respectively. In contrast, the BS-Xcol_UVA/R group
exhibited fewer M1 macrophages (122.0 + 30.5 cells/cm?) and
a higher incidence of M2 macrophages (79.9 = 24.2 cellsjcm?),
suggesting a moderated pro-inflammatory response.[8l

By day 30, a discernible shift in macrophage polarization was
observed. The BS-Col group maintained to show strong CD11c
expression (173.0 + 42.1 cells/cm?) within the implant vicinity,
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with scant CD163 expression. In contrast, the BS-Xcol_UVA/R
group demonstrated a markable increase in anti-inflammatory
CD163-positive macrophages (115.0 + 23.9 cells/cm?) and a re-
duction in CD11c expression (76.5 + 17.9 cells/em?), as quanti-
fied in Figure GE. This shift signifies a significant tilt toward an
anti-inflammatory phenotype in the BS-Xcol _UVA/R group, with
a striking departure from the persistent pro-inflammatory milieu
in the BS-Col group.

The histological assessment of subcutaneous implants pro-
vides compelling evidence of the UVA/R crosslinking pro-
cess’s efficacy in enhancing the biostability and integration
of collagen matrices within a biological milieu. Early-stage
pro-inflammatory macrophage presence, transitioning to an
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anti-inflammatory profile in the BS-Xcol _UVA/R group, indi-
cates a typical acute immune response, essential for wound heal-
ing and implant integration.I®3] The reduced degradation prod-
ucts and the presence of oxidized tyrosine (DOPA) crosslinked
collagen post UVA/R treatment likely contribute synergistically
to anti-inflammatory effects. DOPA, which was also one of the
products in tyrosine-contained peptides post UVA/R treatment
(Figure 3B), plays a significant role in mitigating inflamma-
tion, potentially enhancing the biocompatibility of the colla-
gen scaffolds.[®*) This opens up avenues for further research
into photochemically crosslinked biomaterials in tissue engineer-
ing and regenerative medicine, particularly in understanding
and harnessing these mechanisms for controlled immune re-
sponses in clinical implant integration and functionality. While
our study provides comprehensive insights into biocompatibil-
ity and mechanical properties, future research incorporating
second harmonic generation (SHG) analysis could offer addi-
tional understanding of the ultrastructural changes in colla-
gen fibrillarity,75%-%] enriching our exploration of photochemi-
cally crosslinked collagen for tissue engineering and regenerative
medicine.

The optimized UVA/R crosslinking process enhances our col-
lagen scaffolds’ integration with BS materials, creating a highly
effective solution for bone grafting. This innovative approach
not only strengthens biomechanical stability but also maximizes
the biocompatibility of the composite material, making it well-
suited for clinical applications. By incorporating inorganic mate-
rials into the collagen matrix, we address the essential need for
durable mechanical support, pivotal for successful bone regen-
eration and remodeling. Crucially, our method boosts initial cell-
scaffold interactions, a key element in tissue engineering, while
providing the mechanical support vital for bone regeneration.

Beyond bone regeneration, the versatility of UVA/R
crosslinked collagen extends to a broad range of applications. It
serves as a foundational material for cartilage repair, where its
ability to support chondrocyte adhesion and proliferation can be
critical. In wound healing, its excellent biocompatibility and con-
ducive environment for cell migration accelerate tissue repair.
For vascular tissue engineering, the scaffold supports endothelial
and smooth muscle cell growth, essential for forming functional
blood vessels. In nerve regeneration, the scaffold can guide
neurite outgrowth, offering a promising avenue for repairing
nerve injuries. Additionally, the material’s tailored degradation
rates and compatibility with various bioactive agents make it
an excellent candidate for targeted drug delivery and controlled
release systems. To unlock the full potential of these materials
in clinical settings, a deeper understanding of the underlying
mechanisms is essential. Advanced imaging and spectroscopy
technologies will play a crucial role in this exploration, offering
insights into the scaffold’s interaction with biological tissues
and its impact on cell behavior. This deepened understanding is
critical for tailoring the materials to meet the specific demands of
various regenerative medicine applications, ensuring optimized
outcomes for tissue repair and regeneration.

3. Conclusion and Outlook

The intricate interplay between the complexity of the collagen
molecule and the mysterious UVA/riboflavin (UVA/R) photo-
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chemical cross-linking process is a fascinating puzzle that our
study has skillfully unraveled. Our comprehensive investigation
into the crosslinking mechanism of collagen using six strate-
gically selected synthetic peptides has yielded remarkable in-
sights. HPLC, LC-MS consistently unveil a preference for ty-
rosine among the amino acids, a revelation that significantly
advances our comprehension of the widely employed UVA/R
crosslinking technique, particularly in ophthalmology. The pref-
erential targeting of tyrosine sheds light on the specific molecu-
lar pathways involved in UV-induced collagen stabilization. Our
findings underscore the role of tyrosine in UV-induced crosslink-
ing and the phenol group in tyrosine is also known to be sus-
ceptible to photoactivation offering potential engineering strate-
gies for artificial or functionalized biomaterials. Beyond eluci-
dating the mechanisms of UVA/R crosslinking, the results sug-
gest a crucial role of tyrosine in the design and assessment
of collagen-based biomaterials and further prompt a reevalua-
tion of existing materials, particularly those chemically modi-
fied due to tyrosine—dominated crosslinking, raising pertinent
questions for applicants and regulatory agencies alike. The ap-
proach presented in this study advocates also the necessity in
reevaluation and optimization of UVA crosslinking technique
with a focus on maximizing the controllability of the reaction,
such as the involvement of defined tyrosine residues into the pro-
cess by controlled reaction conditions. Through the development
of synthetic peptides mirroring potential crosslinking sites, we
have uncovered the critical influence of tyrosine residues on the
crosslinking mechanism, especially those residing in non-helical
regions vital for augmenting mechanical properties. Our in vivo
studies in BALB/c mice have substantiated the biocompatibility
and functional efficacy of UVA/R crosslinked collagen, endorsing
its superior potential as a biomaterial for therapeutic use.

Looking ahead, the exploration of UVA/R crosslinking enables
transformative implications for a broad spectrum of collagen-
based materials, reshaping collagen engineering in part of tis-
sue engineering. The proven biocompatibility and mechanical
strength of UVA/R crosslinked collagen beckon additional re-
search into its long-term stability and performance across various
biological settings.[®*° The potential incorporation of this mate-
rial into advanced medical devices and implants, such as bioglass,
bioactive ions, and gene therapy, stands as a promising develop-
ment for enhancing patient outcomes.!”"?l Moreover, the inte-
gration of UVA/R crosslinking techniques with burgeoning areas
such as biofabrication and 3D bioprinting heralds a new era of in-
novation. Furthermore, when combined with bioreactor systems
or organ-on-a-chip technologies, this technique harbors the po-
tential to advance the development of in vitro models that simu-
late aging and disease-specific extracellular matrix environments.
These sophisticated models offer dynamic platforms for explor-
ing disease progression and the mechanisms of aging, thereby
promoting the advancement of 3R principles by reducing the re-
liance on animal testing.***] Such insights gleaned from these
studies could pave the way for innovative treatment and preven-
tion strategies.

In summation, the knowledge gained from our investigations
provides a solid foundation for the novel design and utilization
of biomaterials, propelling forward the frontiers of biomedical
technology and opening new avenues for scientific discovery with
far-reaching implications.
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4. Animal Trials

Experiments were authorized by the Local Ethical Committee of
the Faculty of Medicine at the University of Ni§, Serbia, based on
the approval of the Veterinary Directorate of the Ministry of Agri-
culture, Forestry and Water Management of the Republic of Ser-
bia (approval number 323-07-01762/2019-05/9; date of approval:
01 March 2019).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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2.3 Encapsulated Vaterite-Calcite CaCOs Particles Loaded with Mg?*
and Cu?* lons with Sustained Release Promoting Osteogenesis
and Angiogenesis
Fan, L., Korte, 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 (Ca®*), copper (Cu?*), and magnesium (Mg?') 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 CaCOs3 vaterite-calcite, incorporated with Cu?* and Mg?*,
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 Ca?*, Cu®*, and Mg*" 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 Ca?* and the added Cu*" and Mg?** 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 Cu** release
over two months without initial burst, and a gradual release of Mg?* 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 Cu** and
Mg?* levels of approximately 15.63 uM and 4.17 pM, 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
Ca?*, Cu?*, Mg?*, 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 |
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 Ca?', Cu?®", and Mg?*", creating an

environment conducive to bone regeneration, enhancing osteoblast

61



2. Results

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. | 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, | took charge of
analyzing the data from all results and was instrumental in preparing the initial
draft of the manuscript. Furthermore, | played a key role in critically revising the
manuscript, incorporating suggestions from peer reviewers to enhance its

quality and relevance.
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Bioactive cations, including calcium, copper and magnesium, have shown the
potential to become the alternative to protein growth factor-based therapeutics
for bone healing. lon substitutions are less costly, more stable, and more effective at
low concentrations. Although they have been shown to be effective in providing
bone grafts with more biological functions, the precise control of ion release kinetics
is still a challenge. Moreover, the synergistic effect of three or more metal ions on
bone regeneration has rarely been studied. In this study, vaterite-calcite CaCOs
particles were loaded with copper (Cu?*) and magnesium (Mg*). The
polyelectrolyte multilayer (PEM) was deposited on CaCuMg-COs particles via
layer-by-layer technique to further improve the stability and biocompatibility of
the particles and to enable controlled release of multiple metal ions. The PEM coated
microcapsules were successfully combined with collagen at the outmost layer,
providing a further stimulating microenvironment for bone regeneration. The in vitro
release studies showed remarkably stable release of Cu?* in 2 months without initial
burst release. Mg®" was released in relatively low concentration in the first 7 days.
Cell culture studies showed that CaCuMg-PEM-Col microcapsules stimulated cell
proliferation, extracellular maturation and mineralization more effectively than blank
control and other microcapsules without collagen adsorption (Ca-PEM, CaCu-PEM,
CaMg-PEM, CaCuMg-PEM). In addition, the CaCuMg-PEM-Col microcapsules
showed positive effects on osteogenesis and angiogenesis in gene expression
studies. The results indicate that such a functional and controllable delivery
system of multiple bioactive ions might be a safer, simpler and more efficient
alternative of protein growth factor-based therapeutics for bone regeneration. It
also provides an effective method for functionalizing bone grafts for bone tissue
engineering.

KEYWORDS
bioactive cations, vaterite-calcite, polyelectrolyte multilayer, collagen, bone
regeneration
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Fan et al.

1 Introduction

Various materials and functionalization strategies have been
developed and extensively investigated in the field of bone
regeneration (Lee 2019; O’Neill al, 2018).
Nevertheless, effective vascularization, mineralization and
tissue remodeling of regenerating bone tissue remains the

et al, et

main bottleneck for most graft-induced bone healing (Collins
et al, 2021; Divband et al,, 2021). A major research focus has
been the incorporation of protein growth factors into bone
implants to improve the efficacy of treatment. Such as the
bone morphogenetic protein-2 (BMP-2) has been used
clinically to promote bone healing since 2002 due to its
diverse functions and osteogenic potential (Halloran et al,
2020; Hettiaratchi et al, 2020). Vascular endothelial growth
factor (VEGF) is widely used in bone tissue engineering
research for the improvement of tissue vascularization, either
alone or in combination with BMP-2 (Liu et al., 2020; Fitzpatrick
et al,, 2021). However, significant disadvantages are associated
with these protein growth factors-based therapeutics, including
the sever complications caused by the supraphysiological dose
applied, the instability in the fabrication process, and the high
cost (Ruehle et al,, 2019; Gelebart et al., 2022). Repeated clinical
applications of BMP-2 have not been approved as safe and
effective by the United States Food and Drug Administration
(FDA) (SSED, 2022). Therefore, the alternatives of protein
growth factor-based therapeutics are in demand.

Many bioactive metal ions have been shown to modulate
osteoblast precursor differentiation via growth factor signaling
pathways, or other processes to promote bone tissue
regeneration (Glenske et al, 2018; O'Neill et al, 2018).
Compared to the applications of protein growth factors, the
advantages of using metal ions to induce bone tissue repair are
manifold, including lower cost, greater simplicity, higher stability,
and better efficacy at low concentrations (Glenske et al., 2018; Hurle
etal, 2021). One of those efficient bioactive metal ions showed great
importance in bone regeneration is calcium ion (Ca’). The
incorporation of Ca** into bone repair scaffolds has been shown
to promote adhesion, proliferation, and differentiation of
osteoblasts (Xie et al, 2018; Jeong et al, 2019). Copper ions
(Cu?") show great potential for vascularization, which are critical
component of bone formation and tissue engineering (Lin et al,,
2020; Kargozar et al., 2021). 50-60% of magnesium ions (Mg**) are
bound in bone and about 40% of Mg** are sorted in soft tissue
(Musso, 2009). Many studies have shown increased bone growth
around degradable Mg-alloys (He et al, 2016). Besides, Mg**
showed positive influences to enhance matrix mineralization,
osteogenic genes and protein expression of human bone marrow
stem cells and osteoblasts (Qiao et al., 2021; Zhao et al,, 2021). Tt
should not be underestimated that bioactive cations are able to
diffuse through the cellular membrane and regulate the activity of a
variety of physiological responses (Mourino et al., 2012; Qiao et al,,
2021). Thus, the metal ions induced concentration-dependent
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cytotoxicity and nonspecific adverse effects might be observed in
neurological, cardiological, hematological, and/or endocrine
systems (O'Neill et al, 2018). To reduce or avoid these side
effects, a stable delivery system is required that can sustain ion
release in the bone defect area both temporally and spatially. On
this basis, it is of interest to investigate the synergetic therapy of
multiple metal ions for bone regeneration.

Calcium carbonate in its vaterite form is widely used as a
sacrificial template for efficient drug delivery. CaCO; vaterite
based delivery platforms have exhibited numerous advantages,
such as the high loading efficiency, beneficial porosity, high
mechanical stability, biodegradability —preferential safety
profile, simple preparation and low cost (Vikulina et al., 2021;
Daria et al., 2022; Feng et al., 2022). However, the application as a
platform for the delivery of proteins, and their long term and
controlled release are limited, because the high ionic strength and
pH changes during vaterite formation and sacrifice process
would result in a dramatic loss of protein activity and a burst
release of the encapsulated drug (Feoktistova et al, 2020).
However, they do not impact CaCOj; being an ideal platform
for the delivery of metal ions. Not only as a sacrificial template,
CaCOs is also one of the cargos, because it contains the important
bioactive cations, Ca**. It was reported that the CaCOj; particles
could be converted into hydroxyapatite crystals in mild acidic
environment (Wei et al, 2015). It enables the steady and
continuous release of targets as it biodegrades in vivo. The
CaCO; crystals are particularly suitable for loading with
multiple active pharmaceutical ingredients by a simple co-
precipitation technique. Polyelectrolyte multilayer (PEM)
deposited onto the degradable vaterite CaCO; crystals via a
layer-by-layer (LbL) process have served as multifunctional
and tailored vehicles for advanced drug delivery (Campbell
et al, 2020). Due to their tunable and inherent properties,
PEMs can further enhance the biodegradability and bioactivity
of CaCOj crystals, and efficiently inhibit the initial burst release
of cargos caused by the complex microenvironment in vivo.

Collagen is the main organic component in the bone matrix.
It plays a crucial role in the bone formation and remodeling
process (Toosi & Behravan, 2020). It has been widely reported
that the incorporation of collagen can significantly improve the
mechanical properties, osteoinductivity and osteogenicity of
scaffold materials for bone tissue engineering (Zhang et al.,
2018; Yu et al., 2020; Zhong et al., 2022). In many cases, due
to the formability, homogeneity and reproducibility, coating is a
preferable choice to integrate collagen into different bone
matrices and scaffolds as well as inorganic bone substitute
materials. Brito Barrera et al. fabricated an osteogenic
microenvironment relying on PEMs in combination with
multilayers of type I collagen and chondroitin sulfate (Brito
Barrera et al, 2020). The LbL technique is a method to
fabricate coatings by alternate adsorption of polyanions and
polycations, which can neatly combine collagen and PEM
(Martin et al., 2021). In this study, the CaCOj; particles were
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loaded with Cu®* and Mg™* via a co-precipitation process. The
co-precipitated particles were further encapsulated with PEMs
and collagen, aiming for an elongated and constant release of
bioactive cations. Simultaneously, the biofunctionalization of
particle surfaces by PEMs and collagen simulated the
with
bioactive ions promoting bone tissue regeneration. (Figure 1)

extracellular microenvironment, together released

2 Materials and methods

2.1 Preparation and characterization of
polyelectrolyte multilayers

The polyethyleneimine (PEI, Mw 750 kDa, 50 wt% in water),
poly (sodium 4-styrene-sulfonate) (PSS, Mw 70 kDa) were
purchased from Sigma-Aldrich, Germany. Poly (allylamine
hydrochloride) (PAH, 120-200 kDa) was purchased from Alfa
Aesar, Germany. Sodium chloride (NaCl > 99%) was purchased
from Sigma-Aldrich, Germany. Collagen from porcine skin
(collagen type I content > 90%) was provided by Biotrics
bioimplants AG, Germany. Acidic acid (HAc) was purchased
from Carl Roth, Germany. All materials were used without
further purification. The deionized water (ddH,O) used in all
experiments was prepared in a three stage Milli-Q plus
purification system and had a resistivity higher than
182 MQcem™.
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The polyelectrolytes (PEs) solutions were prepared as
follows: PEI was dissolved in ddH,O at a concentration of
0.0l monomer molL”, pH ~7.0. PSS and PAH were
respectively dissolved in 0.5 M of NaCl at a concentration of
2mgml™ and adjusted to pH 7.0. Collagen was dissolved in
0.1 M HAc at a concentration of 2mgml™ at 4°C overnight
under continuous agitation at 60 rpm and thereafter the pH was
adjusted to pH 5.0 using NaOH.

The deposition was performed manually using the layer-by-layer
(LbL) technique as reported previously (Sun et al., 2017). Gold-crystal
sensors (QSX 301 Gold, Biolin scientific, Sweden) were used as a
model surface. To characterize the buildup process and the properties
of the deposited PEMs, quartz-crystal microbalance with dissipation
monitoring (QCM-D) measurement using a Q-Sense E4 instrument
(Biolin scientific, Sweden) was employed. Firstly, the QCM sensors
were treated with Piranha solution (30% (v/v) H,O, 70% (v/v)
H,S0,) and washed extensively with ddH,O. PEI was always applied
as precursor layer with a positive charge on the substrate followed by
repeated rinsing in ddH,O (three times for 2 min each). After the
deposition of PE], alternate polyanionic PSS and polycationic PAH
layers were deposited up to the desired amount of layers [PEI(PSS/
PAH)s or PEI(PSS/PAH)sPSS] at pH 7.0 with 10 min incubation for
each layer. Each adsorption step was followed by three consecutive
rinsing steps with ddH,O for 2 min each. Prior to the collagen
deposition, the PEM layers were equilibrated in pH 5.0 ddH,O.
Collagen was deposited as the last layer by incubating the sensors in
collagen solution for another 10 min. The PEM and collagen buildup
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process was performed at 22°C. Finally, sensors were immersed in
ddH,0 overnight at 37°C for the stability measurements. In brief, the
buildup process for the following systems have been monitored on
QCM-D: 1) PEI[PSS/PAH]s at pH 7.0 switch to pH 5.0 and followed
by addition of collagen at pH 5.0; 2) PEI[PSS/PAH|sPSS at
pH 7.0 switch to pH 5.0 and followed by addition of collagen.
The increase in mass adsorbed on the surface of the quartz
crystal sensor leads to a decrease in the oscillation
frequency.(Marx, 2003) The frequency shift (—Af) measured
after the deposition of each polyelectrolyte provides direct
evidence of adsorption of polyelectrolytes (Aggarwal et al,
2013). The mass of adsorbed polyelectrolyte (Am) can be

calculated from the frequency shift using the Sauerbrey equation:

A
Am = —c—f
n

where n (n =1, 3, and 5... 13) is the overtone number and c is the
mass sensitivity constant given by the property of the used quartz
crystal (Sauerbrey, 1959). In the present study, f, is 5 MHz and ¢
is17.7 ng Hz ' cm ™ as stated by the manufacturer. The adsorbed
mass and thickness of the PEMs were calculated using the
D-Finder program according to the manufacturer’s instruction
(Biolin scientific, Sweden). All QCM-D measurements were
performed using “open module” system.

2.2 Fabrication of Cu?* and Mg?* loaded
vaterite CaCOz (CaCuMg-CO3) particles

Calcium carbonate particles loaded with Cu** and Mg** were
fabricated on the basis of the previously established co-precipitation
approach with some modifications (Sun et al., 2017). Briefly, 0.33 M
chloride salt solutions composed of CaCl,, CuCl, and MgCl, (Sigma-
Aldrich, Germany) at the ratio of 1) 90%: 5%: 5%, 2) 80%: 10%: 10%,
3) 60%: 20%: 20%, 4) 40%: 30%: 30% were prepared and stirred at
500 rpm in 50 ml falcon tubes. 0.33 M Na,CO; (Sigma-Aldrich,
Germany) solutions with equal volumes were dropped into the
respective chloride salt solutions under continuous stirring at
500 rpm with constant speed (0.6 ml/min) using a syringe
pump. Stirring was continued for 1 min after the addition of the
Na,COj; solution. The obtained slurries were allowed to stand for
10 min and then centrifuged at 2,719 g for 2 min. The pellets were
quickly resuspended in ddH,O and centrifuged again for the removal
of excessive salts from the carbonates. Afterwards the carbonates
were washed three times. The full procedure was performed at
22+ 1°C.

2.3 Encapsulation with polyelectrolyte
multilayers and collagen

To enable the desired sustained release and to improve the
biocompatibility, the above-described PEM system with collagen
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as the most-outer layer was applied for the encapsulation of
CaCuMg-CO; particles. The freshly prepared CaCuMg-CO;
particles were encapsulated with PEI[PSS/PAH]s/PSS-Col in
the same manner as described in 2.1 and 2.2. After each
deposition and washing step, the particles were quickly but
fully resuspended. The incubation with the respective PEs or
collagen were carried out using a tube roller at room temperature.
Similarly, each deposition step was followed by centrifugation
(2,719 g, 2 min) and repeated washing with ddH,O for three
times. The obtained CaCuMg-PEM-Col capsules were
lyophilized using a Christ-e 1-4 LSC plus device (Martin
Christ, Osterode am Harz, Germany) and stored at room
temperature for subsequent analysis.

For the further investigation of synergistic effects of Cu*’,
Mg®* and collagen, 1) Ca-PEM, 2) CaCu-PEM, 3) CaMg-PEM; 4)
CaCuMg-PEM; 5) CaCuMg-PEM-Col capsules were prepared
according to the previously described methods. The ratio of each
metal salt was 40%: 30%: 30%.

2.4 Characterization of CaCuMg-PEM-Col
capsules

2.4.1 {-potential measurements

The charge and compensation of the charge by alternating
adsorption of the polyelectrolytes and collagen are closely related
to the properties of the PEM, collagen and the capsules. To
monitor the charge compensation and characterize the surface,
the {-potentials of the surface during the LbL-encapsulation was
tracked. The electrophoretic mobility of the microcapsules was
measured by photon correlation spectroscopy using a Zetasizer
NanoZS (Malvern, Herrenberg, Germany). All measurements
were performed at 25°C. The mobility was converted into a {-
potential using the Smoluchowski relation and the system
algorithm provided by Malvern (Salmivirta et al, 1996).
Immediately after each layering-washing-resuspension process,
surface charge was characterized by the { -potential (n = 3).
Samples were always fully resuspended in ddH,O prior to the
measurements. The measurements were performed in triplicate
at each adsorption step. Samples were always fully dispersed in
distilled water in equilibrium with the room atmosphere.
1 mmol L™ KCI solution was applied as the model electrolyte,
and 0.1molL" NaOH was used for pH titration from
pH 3.0 to 10.0.

2.4.2 Scanning electron microscopy and energy
dispersive X-Ray analysis

Scanning electron microscopy (SEM) images and energy
dispersive X-Ray analysis (EDS) of capsules were performed
with a FIB/SEM microscope (Zeiss crossbeam 550) equipped
with an EDS detector (Oxford X-Max). With this set-up we
characterized the shape, size, surface morphology and element
composition of CaCuMg-PEM-Col capsules. For this observation

frontiersin.org



2. Results

Fan et al.

the lyophilized samples were attached firmly to carbon tape on a
SEM stub without sputter coating. SEM images were then taken
at accelerating voltages between 1.5 and 3 kV. The EDS analysis
was performed with SEM at an acceleration voltage of 8 kV. The
EDS analysis clearly show the distribution of Magnesium,
Copper and Calcium in the samples.

2.4.3 Fluorescence microscopy

For the visualization of assembled PEM and adsorbed
collagen, fluorescence microscopy (Keyence BZ-X800,
KEYENCE Deutschland GmbH, Neu-Isenburg, Germany) was
applied. FITC-labeled PAH and type I collagen (Biomol GmbH,
Germany) were added to the respective unlabeled PAH and type I
collagen solutions at a ratio of 4%. The coating procedure was the
same as described above under exclusion of light. Two FITC
labeled samples were prepared as 1) CaCuMg-PEM_FITC-Col
(FITC labeled PAH at 3rd bilayer) and 2) CaCuMg-PEM-
Col_FITC (FITC labeled collagen at the last layer). The
samples were resuspended with ddH,O in a 96-well plate and
observed directly under the fluorescence microscope.

2.5 Release kinetics of Ca%*, Cu?* and Mg?*

The Ca®*, Cu*" and Mg** release profiles were analyzed with a
SPECTROBLUE ICP-OES (Inductive coupled plasma-optical
emission spectroscopy) analyzer (SPECTRO/AMETEK, Kleve,
Germany). Briefly, 0.11g of each lyophilized sample was
immersed in 11ml Eagle’s minimal essential medium (MEM,
Gibco) and incubated at 37°C under continuous agitation at
60rpm. 10ml supernatant was collected by centrifugation
(2,719 g 2 min) at the specified time points (10 min, 1, 3, 7, 14,
21, 28 and 60 days). After sampling, 10 ml of fresh MEM was added
to the residual suspension to continue the release kinetics. For
measuring the total ion content, the powder was immersed in
11 ml 5% HAc for 24 h (37°C, 60 rpm), then analyzed using ICP-
OES. All solutions used were sterile filtrated using a 0.45 um
membrane filter and the samples were handled and kept sterile.
After processing of the measurement signals by the instrument, the
measured intensities of the elements were evaluated via the Smart
Analyzer software.

2.6 Cell culture

In this study, the murine fibroblast cell line L929 (ATCC,
CCL1) and human derived osteoblast-like MG63 (ATCC, CRL
142) osteosarcoma cells were purchased from ATCC (VA,
United States). L1929 cells were grown in RPMI medium
1,640 GlutaMAX supplemented with 10% (v/v) fetal bovine
serum (FBS) and 1% penicillin/streptomycin (P/S). MG63 cells
were cultivated with MEM plus supplemented with 10% FBS, 1%
P/S, and 1% sodium pyruvate, 1% nonessential amino acids
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(NEAA) and 1% 1-glutamine. All these materials were
purchased from Gibco (Carlsbad, CA, United States). Both
cells were grown in a humidified 5% CO,/95% atmosphere
and passaged when cell confluence rate was over 80%.

2.7 Cell viability test by cell count kit-8

The cytotoxicity of the CaCuMg-PEM-Col capsules was
evaluated by an extraction test and CCK-8 assay of 1929 cells
according to I1SO 10993 part 5 (ISO 10993-5:2009, confirmed in
2017) (ISO, 2009). 10 mgml™ of CaCuMg-PEM-Col capsules,
positive control (PC, polyurethane film containing 0.1% zinc
diethyldithiocarbamate (ZDEC), RM-A, HatanoResearch Institute,
Japan), negative control (high density polyethylene film, RM-C,
HatanoResearch Institute, Japan) in L1929 cell culture medium and
blank (only cell culture medium) were incubated at 37°C with gentle
shaking at 60 rpm for 24 h. The cells were seeded in 96-well plates
(107 cells/well) and cultured at 37°C for 24 h with 5% CO,. Then, the
medium was replaced with the extracts. After culturing for further
24h, the cell viability of L929 was determined by CCK-8 assay
(Sigma-Aldrich, Germany). Briefly, the medium was thoroughly
removed, and the cells were then incubated with fresh medium
supplemented with 10% CCK-8 reagent. After incubation at 37°C for
2 h, the color change was determined by measuring the absorbance at
450 nm using a microplate reader (TECAN RAINBOW, Germany).

The MG63 cell viability was also evaluated using CCK-8
method. Cells were seeded in 96-well plates (10" cells/well)
cultured with complete medium for 24 h. Then, the medium
was thoroughly aspirated and replaced by fresh culture medium
supplemented with the extracts of capsules. After incubation for
the designated times, the cell viability was measured using the
CCK-8-assay. The medium was replaced every 3 days.

2.8 Alkaline phosphatase activity
measurements

As a key osteogenic maker of osteoblastic differentiation,
alkaline phosphatase (ALP) activity was determined by
conversion of p-nitrophenyl phosphate (pNPP) into
p-nitrophenol (pNP). Incubating MG63 cells with substrate
solution (1 mgml™' pNPP, 50 mM glycine, 1 mM MgCl,
100mM TRIS, pH 10.5) at 37°C for 30 min, and then
measuring the absorbance at 405nm using a microplate
reader (TECAN RAINBOW, Germany).

2.9 Relative gene expressions
Total RNA extraction, reverse-transcription and real-time PCR

were performed by using the Cells-to-CT™ 1-Step TaqgMan™ Kit
(Thermo Fisher Scientific, Rockford, IL, United States), conducted on
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of [PSS/PAH]sPSS-Col and further incubation in ddH,O overnight. (B) Zeta-potential measurement of respective surface charges during the PEM and

collagen coating process on the basis of CaCuMg-COs crystals.

a one-step PCR instrument (Applied Biosystems, Foster City, CA,
United States) according to the manufacturer’s instruction. For
analysis of osteogenic-related genes (COL1A1, MMP1, ALPL,
BGLAP, RUNX2) and angiogenic-related genes (VEGFA and
HIF1A), the relative expression of mRNAs was calculated using
glyceradehyde-3-phosphate dehydrogenase (GAPDH) as an internal
reference standard gene by the 27 method. All primers were
purchased from Thermo Fisher Scientific, and more details are listed
in Supplementary Table S1, Supporting information.

2.10 Alizarin red staining

The formation of mineralized matrix nodules after 14 days
was determined by Alizarin Red staining. Briefly, MG63 cells
were fixed with 99% ethanol at —20°C for 2 h, then washed with
tape water for three times. After incubating with 0.5% Alizarin
Red solution (pH 4.0, Carl Roth) for 30 min at room temperature
and another three washing steps, the resulting staining was
assessed with optical microscopy. The bound Alizarin Red was
resolved with 10% Cetylpyridium chloride solution (Carl Roth)
for photometric quantification at the absorbance of 562 nm using
a microplate reader (TECAN RAINBOW, Germany).

3 Results and discussion

3.1 Optimization and characterization of
PEM and collagen coating

The buildup process of the PEM-systems was monitored by

measurements using QCM-D (Figure 2A). The regular frequency
shifts confirmed the effective adsorption of each deposited
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polyelectrolyte-layers and the assembly of the multilayer
systems. The collagen was adsorbed on both basic layer-
systems [PSS/PAH]s and [PSS/PAH]sPSS with an average
frequency shift of —380.75 + 23.45 Hz and -501.77 + 13.33 Hz.
After overnight incubation in ddH,O only a slight increase of the
frequency could be observed indicating a stable adsorption as
reported previously. (Sun et al., 2017) More (113.23%) collagen
could be adsorbed on top of the PSS (212.06 + 33.06 Hz) than
PAH (99.45 + 13.47 Hz). At a pH range from 4 to 10, collagen has
both positive and negative charges throughout the molecules
(Morozova and Muthukumar, 2018). The higher the pH value,
the higher the negative charge measured. At a pH of 5, the
collagen was predominantly present as positively charged
molecules, resulting in greater adsorption on the negatively
charged PSS surface compared to the positively charged PAH
surface. After overnight incubation in ddH,O, the Af was 3.48 Hz
(3.5% frequency increase) and 13.66 Hz (6.4% frequency
increase) for PAH-Col and PSS-Col respectively. Energy
dissipation was also monitored and plotted in Figure 2A. AD
indicated primarily the change of the stiffness of the layers. Both
PAH-Col and PSS-Col have reduction of dissipation and the AD
was —6.6 + 4.17 ppm and —1.14 + 2.45 ppm respectively. Taking
the results of Af and AD together, it might be concluded that the
PAH-Col and PSS-Col coatings retained their integrity after
deposition because the negligible changes in frequency and
mass. The increase in frequency is most likely due to the
rearrangement of the PEM and collagen on the surfaces
during the long time incubation in ddH,O. Also, the
evaporation of the ddH,O in the used open cells could result
in the slight fluctuation of the measurement. In addition, the
fitting of the thickness using the QSense Dfinder software
showed a slight reduction of the thickness of the coatings
indicating the tightening of the film-structure (Supplementary
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Table S1). After deposition and during equilibrium in water, PE
could the
interpenetration due to compensation and stabilization of

molecules complete arrangement such as

weak interactions, especially hydrogen-bonding and
hydrophobicity-interactions between molecules (Wang et al,
2014). The small AD suggested a stable system has been
formed and kept the stability during further incubation. The
slight negative AD also indicates the increased stiffness and
rigidity of the surface. As described in the literature, the lower
overtone represents the adsorption and change at the interface
between liquid and thin film, and the comparison of other signals
recorded for higher overtones indicates the depth integrity of the
system. The signals of overtones 3, 5 and 9 did not differ
significantly from each other confirming the linearity, rigidity
and rather stiffer property of the systems (Wang et al., 2014). As
reported previously, molecular water can be pushed out while the
structure of the film was rearranged to a much thinner and stable
form. This process will also result in a slight frequency increase
due to loss of water molecules from the film (Delajon et al., 2009;
Kohler et al., 2009).

As mentioned above, collagen has both positively and
negatively charged moieties, which allows adsorption to
differently charged surfaces. The adsorption determined by
QCM might be resulted from the adhesive property of
collagen. ¢-Potential confirmed the buildup process according
to the charge-compensation theory of the PEM-LbL technique
(Figure 2B). Moreover, the initial positive charge of the PAH
outer layer was reduced to a negative charge (—18.67 mV) after
adsorption of collagen, while the strong negative charge of PSS
was strongly neutralized to (-24.10 mV) by collagen. This
observation was in accordance with the expectation that
collagen can be stably adsorbed both on positively and
negatively charged surfaces at proper pH value. In one word,
the buildup of the designed PEM systems was successfully
performed and confirmed by QCM-D analysis. The stability
of both systems was proven to be sufficient for further
applications. The -PSS showed overall a better adsorption
capacity of collagen and stability in comparison to ~-PAH.

3.2 Characterization of CaCuMg-PEM-Col
microcapsules

As mentioned above, the vaterite formation process of
CaCQ; is easily influenced by the experimental conditions
and the substances introduced during co-precipitation. In
order to guarantee stable encapsulation and sustainable release
with the desired controllability, different microcapsule
formulations prepared by co-precipitation. The
morphology and elemental composition of CaCuMg-PEM-Col
particles were investigated via SEM combined with EDS-analysis.
When the ratio of Ca®™, Cu®" and Mg* was 90%: 5%: 5%, the
formed particles presented three kinds of morphologies: bigger

were
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spherical particles (41.38% of total) with an average size around
5.0 + 0.5 um (diameter), smaller spherical particles (20.69%) in
the size of 2.6 + 0.3 um, and oval particles (37.93%, 5.6 + 0.3 um x
2.9+ 0.3 pm) (Figure 3Aa [if subparts are of A]). The SEM image
of the 80%: 10%: 10% group showed that most of the particles
have an oval shape with relatively uniform size (Length 3.9 +
0.4 um Width1.9 + 0.3 um) (Figure 3Ab [if subparts are of A]).
Interestingly, in the group of 60%: 20%: 20%, there were no
regular shaped vaterite or calcite particles observed. SEM images
revealed irregular and porous structures (Figure 3Ac [if subparts
are of A]). The particles obtained from the group of 40%: 30%:
30% showed a similar morphology as the 90%: 5%: 5% group. The
bigger spherical particles in this sample were around 5.5 + 0.4 pm
and account for 12.90%; the smaller ones were in the size of 2.5 £
0.4 um (48.39%) and the oval particles were about L 5.474 +
05umW 3.0 = 0.4um (29.27%) (Figure 3Ad [if subparts
are of A]).

As one of the most effective platforms for drug encapsulation
and delivery, the key parameters for size- and shape-controlled
synthesis of CaCO; particles have been well studied. The fast
mixing of aqueous calcium chloride and sodium carbonate can
immediately result in amorphous calcium carbonate (ACC).
Under vigorous stirring, the formed ACC in the precipitation
system will dissolve first, and then transform within minutes to
produce crystalline forms of vaterite and calcite (Shen et al,
2006). However, when the system is introduced with other
divalent cations, the co-precipitation reaction and co-
crystallization process will be more complicated, thus rarely
being reported. In the co-precipitation system of Ca’*, Cu’*,
and Mg** presented in this work, there are two main factors
affecting the morphology of obtained particles: the concentration
of Ca®*, and the ionic interactions with Cu®*" and Mg*". It is
known that the higher content of Ca*" within a certain range
would lead to high yield of vaterite; trace amounts of Cu®*, and
Mg**, which have a smaller jon size than Ca*" could enter and
distort the lattice of just formed CaCO;-crystals, and thus
influence the size and morphology of the final particles, as
shown in Figure 3Aa [if subparts are of A]) (Svenskaya et al.,
2018). A certain proportion of Mg*" was reported to promote the
formation of vaterite CaCO5 crystals (Kulp and Switzer, 2007).
Among the four ratios in this study, 10% of Mg*" might play the
optimal role in vaterite formation. Particles obtained at the ratio
of 80%: 10%: 10% showed the most regular oval vaterite
morphology (Figure 3Ab [if subparts are of A]). With the
increase of Cu®" and Mg*" content, the crystals gradually
transformed from vaterite to calcite leading to a reduced
uniformity in the particles. The particles from the ratio of
60%: 20%: 20% appeared to stay at the transformation phase
of ACC-vaterite, and particles of 40%: 30%: 30% were at vaterite-
calcite stage or mixture of different crystallization products
(Figures 3Ac,d [if subparts are of Al]). Most likely the ions
find an equilibrium among vaterite and calcite during particle
formation depending on the ratios and precipitation conditions.
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(A) SEM images of CaCuMg-PEM-Col microcapsules prepared with different ratios of salts: (a) Ca®*: Cu?*: Mg®* = 90%: 5%: 5%, (b) Ca®*: Cu?*:
Mg?* = 80%: 10%: 10%, (c) Ca®*: Cu**: Mg®" = 60%: 20%: 20%, (d) Ca®*: Cu®*: Mg®* = 40%: 30%: 30% (scale bar = 3 um). (B) C, Ca, Cu, Mg, S element
EDS-Mapping of microcapsules (the group of 40%: 30%: 30%). (C) EDS spectra of CaCuMg-PEM-Col microcapsules prepared with four ratios of salts

This could be due to the excessive electronegativity of Cu** and
Mg’*, which led to a distortion of the crystal plane structure;
furthermore, the increasing cocrystallization with CuCO,
(Cu;CO;3(0OH),) and MgCO; suppressed the formation and
stability of CaCO; vaterite. Additional influence from the
PEM coating should also be considered as a morphology-
stabilizing factor. The particles were encapsulated in their
precipitated shapes without further modifications as a
substrate for coating deposition. CaCO; has a water solubility
of 15mg L™" and MgCO; 0.14 g L™". More complicated, the Cu®*
will form so called basic copper carbonate consisting of
Cu,CO5(OH), which has a negligible solubility in water. The
basic copper carbonate has a typical monoclinic crystal and
spertiniite morphology. Also the formation of dolomite,
CaMg(CO3); would further enhance the alternating
morphology due to the structural arrangement of the Ca™
and Mg™" ions. These properties derived from basic copper
carbonate and dolomite could explain the morphological
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changes from ACC, to vaterite and calcite in this complex
mixture system as shown in Figure 3A. These mixtures of
dolomite and basic copper carbonate will also further affect
the release kinetics by means of dissolution and degradation.
X-ray energy dispersive spectroscopic (EDS)-mapping
images and spectra further revealed the element composition
of CaCuMg-PEM-Col capsules. The SEM EDS-mapping images
showed that the elements including C, Ca, Cu, Mg, S were
uniformly distributed on particles prepared with these four
ratios (Figure 3B and Supplementary Figure S1). The EDS
spectra exhibited the characteristic peaks for C, Ca, Cu, Mg,
and $ (Figure 3C) present in the surfaces of the microcapsules.
The obtained element composition ratio
Supplementary Table S2. No significant difference in the
element composition ratio of the group of 95%: 5%: 5% and
80%: 10%: 10% was observed. The high ratio of Cu and low ratio
of Ca in the group of 60%: 20%: 20% suggested a high amount of
CuCO;/Cu,CO5(OH); in the surfaces of microcapsules. The

is shown in
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FIGURE 4

Micrographs of (A) FITC-labeled PAH coated at 3rd bilayer of CaCuMg-PEM-Col and (B) FITC-labeled collagen coated at the outmost layer

(scale bar = 50 pm).

group of 40%: 30%: 30% exhibited a relatively more uniform
distribution of elements.

Fluorescence microscope imaging was applied to further
visualize the adsorbed PEM and collagen on CaCuMg-CO;
crystals. As shown in Figure 4A, FITC-PAH was uniformly
coated on the particles, forming a thin green layer along the
particle surfaces. Similarly, the deposition of the FITC-collagen
layer was also successfully observed on the surface of the
encapsulated particles (Figure 4B). Interestingly, it was found
that the CaCuMg-PEM-Col particles exhibited better dispersion
than the CaCuMg-PEM particles after further adsorption of
collagen. This is consistent with the measurement of the zeta
potential. Since the adsorption of collagen leads to a higher
negative charge distribution on the surface of the particles, the
repulsion between the negatively charged particles is enhanced.

3.3 lon release behavior of CaCuMg-PEM-
Col microcapsules

The release kinetics of the target bioactive cations Cu** and Mg**
are of particular importance as a sudden increase in concentration
due to excessive release of these cations will result in bone loss,
irregular crosslinking or excessive cytotoxicity (Wong et al., 2014;
Wang et al,, 2016). Therefore, the stability and controllability of ion
release kinetics during the long-term bone regeneration process is
crucial. In this study, we investigated and compared the ion release
behavior of the microcapsules prepared with different salt ratios via
ICP-OES measurements. The two groups with higher Ca**-content
showed a burst release of Cu®* in the first hours and 3 days, then
followed by a very slow and incomplete release until day 60 (Figures
5A,B). While the two groups with increased Cu™ and Mg™* content
showed stable release throughout the analyzed period without initial
burst release (Figures 5C,D). Notably, the Mg*" in the first two groups
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were below the detection limits of the ICP-OES. But in the groups of
60%: 20%: 20% and 40%: 30%: 30%, trace Mg2+ was slowly released in
the first 7 days (Figures 5E,F). The amount of target bioactive ions
Cu* and Mg** released from the capsules differed dramatically
between the high and low Ca*-content groups. The cumulative
release profile of Ca”" also showed an initial burst release in groups of
95%: 5%: 5% and 80%: 10%: 10% (Supplementary Figure S2).
Interestingly, the concentration of Ca®* decreased as the release
process prolonged, whereas the Ca® release of the other two
groups was stable and slow. When the Ca®' content was replaced
by increased Cu and Mg content, CaMgCO; crystallizes in the
nucleation region was surrounded by relatively unstable basic Cu
and Mg(OH),/MgCOs. In particular, the MgCOj; is destabilized by
hydration to Mg(OH),. This reaction cascade dynamically
determines the surface morphology of the particles and the release
behavior. The higher the Cu content the easier the Cu** can be
released (Figures 5C,D). The unstable surface portion of the Cu/Mg
was easily released within the first 7 days. As the dissolution front
approaches the calcite core, the release was more limited by the
dissolution of the calcite, especially for the Mg. This could explain the
relatively short continuous release of Mg measured by ICP (Figures
5E,F). The release curve of Ca?* also confirms the above mentioned
mechanisms. After the release of unstable vaterite from the surface,
the release rate decreased significantly for a short time, and then rose
slowly because of the slow dissolution of calcite core (Supplementary
Figure S2). The large amount of Mg** was increasingly co-crystalized
in nucleation region of calcite or dolomite crystals which limited the

dissolution process.

3.4 In vitro cytotoxicity

In addition to achieve the sustained release function as an

encapsulation system, PEM and collagen were also used to mimic
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lons release profile of CaCuMg-PEM-Col microcapsules determined by ICP-OES. The concentration of Cu?* released from microcapsules
prepared with different ratios of Ca®*, Cu?*, Mg®*: (A) 90%: 5%: 5%, (B) 80%: 10%: 10%, (C) 60%: 20%: 20%, (D) 40%: 30%: 30%. The release behavior of
Mg** in (E) group of 60%: 20%: 20% microcapsules and (F) that of 40%: 30%: 30% microcapsules. (Mean + SD, n = 5; Paired t-test, *p < 0.05, *p < 0.01,
©p < 0.001, "p < 0.0001, indicated that there was a significant difference of released ions content between the two groups).

bone tissue ECM to promote osteogenic differentiation via
modifying  different which
stimulating numerous interfacial interactions with the cells
adsorbed to the coated surfaces (Brito Barrera et al., 2020;
Sankar et al, 2021). Collagen is an indispensable matrix
protein that stimulates various signaling pathways such as cell
adhesion, mobility, wound healing, proliferation, and an

surface properties in turn

Frontiers in Bioengineering and Biotechnology

72

10

important process to complete bone regeneration, named
ECM remodeling (Zhang et al., 2018). Other physicochemical
properties of the surface are also decisive for proper bone
regeneration, such as surface roughness, hardness, electrical
charge and charge density (Bharadwaz and Jayasuriya, 2020).
The PEM provides a highly tunable surface fulfilling these
demands. The negative charge of the coated surface attracts
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FIGURE 6

In vitro cytotoxicity of control samples (PC, positive control; NC, negative control) and (A) extract of CaCuMg-PEM-Col in a series of
concentrations, and (C) extract of Ca-PEM, CaCu-PEM, CaMg-PEM, CaCuMg-PEM and CaCuMg-PEM-Col microcapsules towards L929 cells. Cell
viability of osteoblast-like MG63 cells cultured with extract of microcapsules determined by CCK-8 assay at 1, 3, 7, 10 and 14 days: (B) culture
medium supplemented with extract of CaCuMg-PEM-Col microcapsules in different concentrations; (D) culture medium supplemented with
0.1% extracts of Ca-PEM, CaCu-PEM, CaMg-PEM, CaCuMg-PEM and CaCuMg-PEM-Col microcapsules. (mean + SD, n = 6; Paired t-test, *p < 0.05,
“p < 0.01, ®p < 0.001, *p < 0.0001, indicated that there was a significant difference of cell viability in comparison to blank control).

cells and makes them easy to adhere; in addition, cell adhesion
and the necessary cell motility are more active on harder surfaces
than on softer ones (Sahebalzamani et al.,, 2022). Therefore, a
PEM-Col surface has been chosen for proof of this strategy. In
this study, mouse derived L929 fibroblasts were used to evaluate
the cytotoxicity of CaCuMg-PEM-Col microcapsules. The cell
viability assay has been performed via an extraction test on
1929 and evaluated by CCK-8 assay. According to the ISO
standard, metabolic activity below 70% is considered to be
cytotoxic. As shown in Figure 6A, the microcapsules showed a
decrease in cytotoxicity with decreasing extract concentration,
while the viability of fibroblasts was below 70% only when the
extract concentration was higher than 1%. According to the
results of ICP measurements as shown in Figure 5, the
concentration of Cu® in 1% extract was 15.63 uM and the
concentration of Mg*" is 4.17 pM. These measurements
formed the basis for determining a suitable dosage range of
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the microcapsules. To exclude the bias due to PEM, collagen and
their probable degradation products, the extracts of five types of
microcapsules have been applied for the cytotoxic evaluation,
including Ca-PEM, CaCu-PEM, CaMg-PEM, CaCuMg-PEM
and CaCuMg-PEM-Col. All the extracts did not exhibit any
significant cytotoxicity on L929 cells (Figure 6C), suggesting
good biocompatibility of the microcapsules. It was found that
the cells treated with CaCuMg-PEM-Col extract showed higher
viability compared to CaCuMg-PEM without a collagen layer,
which might be a result of slight desorption of collagen from the
surface of the microcapsules. The beneficial effects from the
collagen layer might also reduce the toxicity resulting from Mg**
and Cu®* ions within certain concentration threshold (Cu®*:
15.63 uM; Mg?": 4.17 uM).

Main task of this trimetal microcapsules is to stimulate the
bone regeneration via controlled release of these bioactive

cations. Therefore, cell proliferation of osteoblast-like
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ALP activity was evaluated after 1, 3, 7, 10, 14 days with colorimetric method with pNPP as a substrate for ALP: (A) MG63 cells cultured with
osteogenic medium supplemented with extract of CaCuMg-PEM-Col microcapsules in different concentrations; (B) MG63 cells cultured with
osteogenic medium supplemented with 1% extracts of Ca-PEM, CaCu-PEM, CaMg-PEM, CaCuMg-PEM and CaCuMg-PEM-Col microcapsules.
Osteogenic differentiation was revealed by (D) Alizarin Red staining (scale bar = 100 pm) and (C) quantification at day 21. (n = 3; Paired t-test,

*p < 0.05, ¥p < 0.01, ®p < 0.001).

MG63 cells was also carried out by using CCK-8 assay on the cell
cultures at 1st, 3rd, and 7th days. Results in Figure 6B showed
that cell viability on the 1st day was not markedly affected in any
condition of microcapsules extracts (0.001%, 0.01%, and 0.1%)
because the cells need sufficient time to recover after the
passaging and transfer into the test-cultures. On the 3rd day,
cells viability higher than 70% was observed for the groups
treated with ionic extracts, all of which were higher than
those of the blank controls. The cell viability of the group of
0.1% of microcapsule extract was obviously higher than other
groups on the 7" day. A similar trend was observed with cell
viability measured by addition of Ca-PEM, CaCu-PEM, CaMg-
PEM, CaCuMg-PEM and CaCuMg-PEM-Col capsules
(Figure 6D). Results revealed that the cell proliferation ability
of the microcapsule groups was similar to or higher than that of
blank control. And the cells in the CaCuMg-PEM-Col group
showed the highest viability on the 3rd and 7th day. These results
indicate that metal ions and CaCuMg-PEM-Col microcapsules
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did not induce any cytotoxic effect but promoted osteoblast
proliferation in conjunction with type I collagen.

3.5 Osteogenic differentiation of
osteoblast-like MG63 cells in vitro

Bone regeneration mainly includes proliferation and
differentiation of osteoblasts. The previous viability
measurements confirmed the positive effects of CaCuMg-
PEM-Col microcapsules on cell proliferation. Therefore, the
differentiation further
of osteoblast

impacts osteogenic were
investigated. ALP
differentiation which is an important indicator for bone

formation and mineralization as well as for the bone

on
is an early marker

regeneration progress (Hu & Olsen, 2016). The cellular
ALP activity of MG63 cells treated with different
microcapsule extracts were monitored on the 1st, 3rd, 7th,
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FIGURE 8

Relative gene expression of (A—E) osteogenic markers and (F,G) angiogenesis markers at 14 days analyzed via qRT-PCR (n = 3; Paired t-test, *p <

0.05, “p < 0.01, ®p < 0.001)

10th and 14th days. As shown in Figure 7A, on the 1st and
3rd day, ALP activity of cells treated with the extract of
CaCuMg-PEM-Col 0.01%, and
0.1%) were at a similar level as the blank control. Cellular
ALP activity of the group of 0.1% reached peak on the 7th day,
which was significantly higher than groups of 0.001%, 0.01%
and ctrl. From day 7 onwards, decrease in ALP activity was
observed under all conditions. Nevertheless, ALP activity of
cells treated with 0.1% of microcapsule extracts was still
significantly higher than other treated groups and control

microcapsules (0.001%,

group. Therefore, 0.1% was adopted as the concentration used
for the subsequent investigation (Figure 7B). On the st day,
cells treated with osteogenic medium supplemented with
sample extracts including Ca-PEM, CaCu-PEM, CaMg-
PEM, CaCuMg-PEM and CaCuMg-PEM-Col showed
higher ALP activity than control group which was only
treated with osteogenic medium. On days 3 and 7, the
levels and trends of ALP activity in the Ca-PEM and
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CaMg-PEM groups were the same as those in the blank
control group, first increasing and then slowly decreasing.
However, there was no significant difference in the expression
levels between groups. The group of CaCu-PEM showed a
similar trend but significantly higher ALP activity at these
time points. Notably, the levels of ALP activity in the
CaCuMg-PEM and CaCuMg-PEM-Col groups continued to
increase over time, reaching a peak on day 7, in which the ALP
activity in these two groups was significantly higher than other
groups, and gradually decreased thereafter to levels close to
those of the other groups. This indicates the significant
synergistic regulation of Cu** and Mg** and collagen in
osteoblasts differentiation. Interestingly, the ALP activity of
the CaCuMg-PEM-Col group also showed the largest decrease
among all groups after exhibiting the highest levels on days 1,
3,7, and 10. It is suggested that CaCuMg-PEM microcapsules
further functionalized with collagen could better mimic ECM,
thus providing a more suitable microenvironment for bone
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the
differentiation of osteoblasts. ALP activity downregulated
by CaCuMg-PEM-Col at day 14 that the
initiation of ECM mineralization completed earlier than
other groups.

The effect of CaCuMg-PEM-Col on late differentiation
(matrix mineralization) was investigated after 21 days of

regeneration and promoting proliferation and

indicated

culture via Alizarin Red staining and quantification. As shown
in Figure 7D, stronger Alizarin Red staining was observed on
CaCuMg-PEM and CaCuMg-PEM-Col as compared to CaCu-
PEM, CaMg-PEM, and blank control. Similarly, the result of
quantification shows that mineralization on CaCu-PEM (p <
0.05), CaCuMg-PEM (p < 0.05) and CaCuMg-PEM-Col (
0.01) were significantly higher than the control group, suggesting

<

that the microcapsules have a positive influence on osteoblast
mineralization (Figure 7C).

3.6 Expression of osteogenesis and
angiogenesis-related genes

As discussed previously, the bone regeneration process
can be briefly divided into three periods: proliferation, ECM
maturation and mineralization. Two transition points of gene
expression of certain marker genes cell
proliferation and differentiation have been reported (Stein

controlling

et al., 1990). The first transition occurs after completion of
proliferation and initiation of ECM, when ALP and collagen
are upregulated. The second transition takes place at the
initiating of ECM mineralization. In this study, we
investigated the gene expression related to osteogenesis and
angiogenesis of MG63 at day 14 via real-time PCR (Lynch
et al., 1995). As shown in Figure 8A, the COL1A1 expression
of CaCu-PEM and CaCuMg-PEM-Col were significantly
lower than blank control (osteogenic medium). This might
result by the ECM-mimicking effect from the PEM and PEM-
Col capsules. Reasonably, when compared to the blank control
the matrix metalloproteinase-1 (MMP1) gene expression was
markedly higher in the CaCuMg-PEM group (p < 0.01) and
CaCuMg-PEM-Col group (p < 0.001) due to the presence of
collagen (Figure 8B). All groups of microcapsules (Ca-PEM,
CaCu-PEM, CaMg-PEM, CaCuMg-PEM, and CaCuMg-PEM-
Col) showed significantly higher expression of ALPL in
comparison to the blank control (osteogenic medium),
among which the expression in the CaCuMg-PEM group
was the highest, followed by the CaCuMg-PEM-Col
(Figure 8C). The expression of RUNX2 in groups of CaMg-
PEM, CaCuMg-PEM, and CaCuMg-PEM-Col
significantly higher than other groups (Figure 8D). The
expression pattern of osteocalcin (BGLAP) was roughly
similar to that of MMP1, showed the highest level in the
CaCuMg-PEM-Col group, followed by the CaCuMg-PEM
group (Figure 8E).

were
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During osteogenic differentiation, (pre-) osteoblasts play a
central role in communication with endothelial cells to ensure
the temporal and spatial coupling of osteogenesis and
angiogenesis expressions
involved in angiogenesis. Interestingly, high expression of
VEGFA and HIF1A were found in osteoblasts conditioned
with CaCu-PEM, CaCuMg-PEM, and CaCuMg-PEM-Col
extracts as shown in Figures 8F,G, suggesting that copper

via the regulation of gene

plays a more important role in the promotion of angiogenesis.
Notably, we found significant synergistic effects of copper and
magnesium, as well as the addition of type I collagen, on
angiogenesis.

4 Conclusion

Bioactive metal ions including Ca**, Cu®** and Mg*" play a
predominant role in the process of bone regeneration, which
are recognized as an alternative for bone growth factor-based
therapeutics. However, a delivery system with high stability
and loading capacity of multiple metal ions, and controlled
release kinetics is currently highly required. In this study, the
vaterite-calcite CaCOj; particles were effectively loaded with
Cu?" and Mg**, then coated with PEM to improve the crystal
stability for better sustained release behavior, and further
successfully functionalized with collagen to mimic bone
tissue ECM. Ca**, Cu’* and Mg>* could sustainably release
from the microcapsules and induce a proper bone
regeneration microenvironment, regulating the osteoblasts
proliferation and differentiation, promoting the ECM
maturation and mineralization. It was shown that both
osteogenesis and angiogenesis-related gene expressions
CaCuMg-PEM-Col
microcapsules present a type of bioactive metal ion
encapsulation and delivery system for the functionalization
of bone graft materials. The presented strategy of combining
multi metal ions with biocompatible PEM and collagen
provides new inspiration and important prospects for bone
tissue engineering.

were upregulated. Therefore,
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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/cm? 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/cm?),
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/cm?, yielding a total dose of 10.8 J/cm? 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 (Gorlitz 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/cm?, raises additional concerns (Olsen and Ringvold, 1982).
Explorations into application of shorter wavelength UV irradiation (A = 254 nm)
across a range of intensities (from 0.06 to 0.96 J/cm?) 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/cm? (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 um 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/cm? 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 uM) at 20 °C, and 0.10-0.13 g/L (approximately 265.7-345.4
puM) 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 g-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 lulia, 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 | 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., 20233,
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 | 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 (Guimarées 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

86



3. Discussion & Outlook

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 | 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 UVAIR 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 (Vyborny 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

89



3. Discussion & Outlook

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 lon Encapsulation System for Enhancing Osteogenesis
and Angiogenesis

Bioactive ions such as Ca?*, Cu?*, and Mg?* 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 Co?* (approximately 15 mg/L) and
Li?* (approximately 3 mg/L) over 14 days (Zhang et al., 2024). Similarly,
Sutthavas et al. investigated the integration of Zn?* 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 Zn?* 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 Cu?* and Mg?* ions within vaterite-calcite CaCOs3 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-COs 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 Cu?* (approximately
700 mg/L) over 60 days, with no initial burst release, and a controlled release of
Mg?* (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 Mg?* and
Cu?* 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 CaCOs 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 Effects on bone Effective Release level from

. . concentrations .
ions regeneration materials (mg/L)

(mg/L)
N Essen’FlaI for bone 90-119 HA/TCP scaffold:
Ca formation and (Hannink and Arts,
mineralization 2011) 32.8 / day (Seol et
al., 2014)
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Mg?*

Sr2*

Cu?*

Zn?*

S+

Co?*

Enhances bone
formation and
osseointegration

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

Stimulates
angiogenesis, has
osteoinductive
properties, and
provides
antibacterial activity

Supports
osteogenesis and
cellular bioactivity

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

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

12.15 - 50
(Wong et al., 2013)

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

0.00635- 0.635
(Gaetke and Chow,
2003)

245-6.5
(Yamaguchi et al.,
2004, Ito et al., 2002)

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

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

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

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

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

BGs[Ca—-Sr—Na—

Zn-Si]: 3 -750
(Murphy et al.,
2009)

BGs[45S5]: 16.5
3.5 (Shietal.,
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
Mg?* and Cu?* 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
iluminate 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 Cu?* and Mg?* within vaterite-calcite CaCOs 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 Ca?*,
Cu?*, and Mg?* 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 flr das Knochengewebe-Engineering
entwickelt, der auf fortschrittichen Ultraviolett-A- und Riboflavin (UVA/R)-
vernetzten Kollagengerusten sowie  einem bioaktiven Kationen-
Einkapselungssystem basiert, das Cu2+ und Mg2+ in Vaterit-Calcit-CaCO3-
Partikeln enthalt. Die Studie untersucht detailliert die Komplexitat des UVA/R-
Vernetzungsmechanismus, insbesondere die Interaktion mit Tyrosinresten im
Kollagen, und liefert Erkenntnisse, die nicht nur das Verstandnis zur
Stabilisierung von Kollagen erweitern, sondern auch neue Fortschritte bei der
funktionellen Optimierung von Kkollagenbasierten Biomaterialien durch
verfeinerte Vernetzungsmethoden ermdglichen. Die Ergebnisse zeigen, dass
Tyrosinreste kritische Stellen fur die Vernetzung darstellen, wobei Riboflavin
sowohl als Katalysator als auch als kompetitiver Hemmstoff fungiert. Die
UVA/R-vernetzten Kollagenmatrizen zeichnen sich durch ein ausgewogenes
Verhaltnis von Stabilitat und Abbaubarkeit, verbesserte mechanische
Eigenschaften sowie eine hdhere Biokompatibilitat im Vergleich zu chemisch
vernetzten Alternativen aus. In-vivo-Untersuchungen belegen dartuber hinaus
die hervorragende Biokompatibilitat der UVA/R-vernetzten Matrizen und deren
Fahigkeit, Gewebeentziindungen zu reduzieren und die Regeneration zu

fordern.

Dariber hinaus stellt diese Dissertation eine innovative
Einkapselungsstrategie zur kontrollierten Freisetzung essenzieller bioaktiver
lonen fur die Knochenregeneration vor. Das entwickelte System, das durch
Polyelektrolytmultischichten und die Funktionalisierung der Kollagenmatrix
erganzt wird, simuliert das Mikroumfeld von Knochengewebe und schafft
optimale Bedingungen fur die Heilung durch eine kontinuierliche Freisetzung
von Ca2+-, Cu2+- und Mg2+-lonen. Dieser Ansatz fordert sowohl die
Proliferation und Differenzierung von Osteoblasten als auch die signifikante
Erhdhung 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 fir die

Weiterentwicklung des Knochengewebe-Engineerings.

Indem mechanische und biochemische Aspekte des Tissue-Engineerings
synergetisch verknupft werden, prasentiert diese Dissertation eine umfassende
Strategie, die sowohl die physische als auch biologische Wirksamkeit der
entwickelten Geruste fur die Knochenregeneration verbessert. Die detaillierte
Analyse der UVA/R-Vernetzungsdynamik sowie die Einfihrung eines
innovativen  Mehrionen-Freisetzungsmechanismus markieren bedeutende
Fortschritte auf diesem Gebiet und bieten neue Einblicke sowie verfeinerte
Methoden fur die Gestaltung und Entwicklung von Biomaterialien der nachsten
Generation. Diese Arbeit bereichert nicht nur die akademische Diskussion im
Bereich des Tissue Engineerings, sondern setzt auch neue Malistabe bei der
Entwicklung funktionalisierter Knochenersatzmaterialien und stellt einen
wichtigen Schritt in Richtung wirksamerer und personalisierter therapeutischer
Ansatze fur die Knochenregeneration dar.
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