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Hydrogels are versatile biomaterials characterized by three-dimensional, cross-linked, highly hydrated polymeric
networks. These polymers exhibit a great variety of biochemical and biophysical properties, which allow for the
diffusion of diverse molecules, such as drugs, active ingredients, growth factors, and nanoparticles. Meanwhile,
these polymers can control chemical and molecular interactions at the cellular level. The polymeric network can be
molded into different structures, imitating the structural characteristics of surrounding tissues and bone defects.
Interestingly, the application of hydrogels in bone tissue engineering (BTE) has been gathering significant attention

due to the beneficial bone improvement results that have been achieved.

bone regeneration hydrogels polymers natural hydrogels bone tissue engineering

| 1. Introduction

Bones consist of highly vascularized tissue, capable of auto-regenerating as part of a reparation process in
response to injury, as well as during skeletal development and continuous remodeling throughout adulthood 221,
Contrasting with other tissues, most bone injuries (such as fractures) heal without forming scar tissue and are
indistinguishable from the adjacent non-injured bones 2!, Currently, millions of patients suffer from bone defects
due to trauma, bone disease, congenital malformations, and cancer 4 The repair of significant bone defects is a
great orthopedic challenge worldwide due to the difficulty of conducting and restoring new bone. . Moreover,
medical factors such as age, gender, lifestyle, and preexisting conditions influence the risk of fracture and
complications arising during the recuperation process Bl A recent study on the global burden of morbidity
suggested that approximately 178 million people (53% male and 47% female) worldwide suffered from bone
fractures in 2019, exemplifying an increase of roughly 34% since 1990 2. In fact, approximately 2.2 million bone
grafting surgeries have been performed globally at the expense of about USD 2.5 billion per year, and that number
is gradually increasing due to the aging population Q111

Despite the advanced methods available to treat bone damage and fractures, autografts are considered the “gold
standard” since they provide optimal tissue acceptance and controlled osteogenesis. Nevertheless, autografts have
significant downfalls; they can result in postoperative complications, such as hernias; blood loss; nerve damage;
necrosis; and, more critically, systemic infections B12I[13J14I15][16]  5rgeons have the alternative option of using
allografts, although there is a risk of immunogenic reactions and viral transmissions 132711811191 Nonetheless,

several options have been tested: for instance, the generation of synthetic prostheses capable of offering the same
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mechanical properties as bone. However, in the long term, prostheses can present the same complications as
autologous and allogenic implants 29, On the other hand, the application of natural hydrogels in BTE has been
gathering more attention due to the advantages of designing matrix polymeric biomaterials loaded with osteogenic-
inducing molecules. By controlling hydrogel synthesis and matrix properties, we can regulate the release profile
and the mechanical parameters, making them ideal for BTE scaffold design 1. Many significant advances have
been achieved using natural polymers to construct hydrogels due to the precise control over chemical structures,
low batch variability, and facile sourcing 2. Recent trends have included the fabrication of hydrogels from
biological macromolecules to introduce a specific biofunctionality, and this has promoted cell-material interactions

inherent to the given hydrogels [23],

| 2. Hydrogels

Hydrogels are 3D cross-linked polymeric networks capable of imbibing large amounts of water (Figure 1).
Moreover, the hydrogel polymeric matrix structure allows for the diffusion of diverse molecules, such as drugs,
active molecules, growth factors, nanoparticles, and more. On the other hand, we can control the chemical and
molecular interactions of the polymeric chains guiding the biological behavior from the cellular level. Furthermore,
the polymeric network can be molded into different arrangements and sizes, following the structural characteristics
of repairing tissue defects. Therefore, they can provide constructive microenvironments suitable for controlled cell
growth [291[21][24][251[26] |t js interesting to emphasize that hydrogels can show versatile control of physical properties
according to the exposed environmental conditions. For instance, hydrogels work as soft materials that can form
solid structures (after dryness) that diverge in terms of mechanical properties, providing the capacity to generate
solid scaffolds. In contrast, hydrogels can absorb significant amounts of water and preserve humid environments
without necessarily decomposing or degrading their structural architecture 7. Their high water content makes
hydrogel materials highly permeable and porous, allowing oxygen and nutrients to diffuse quickly and resulting in a

balanced interconnected microenvironment that can stimulate a guided cellular fate (28!,
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Figure 1. Hydrogels are versatile and malleable biomaterials with several medical applications.

| 3. Hydrogel Classification

The classification of hydrogels (Figure 2) follows physicochemical properties, such as biochemical and biophysical
response, synthetic methods, precursors, ionic charge, degradability, and cross-linking degree 2229, |nherently,
the physically synthesized hydrogels show reversible cross-linking matrixes mainly characterized by coordinated
electrostatic interaction, which forms Van der Waals forces and hydrogen bonds. Meanwhile, the chemically
developed hydrogels are characterized by permanent and irreversible cross-linking bonds that require high energy
to alter the matrix configuration 22, On the other hand, the type of precursor material can also classify hydrogels
as either natural or synthetic. It is generally considered that natural hydrogels are more biocompatible and
bioactive than their synthetic counterparts. However, synthetic hydrogels promote controllable, mechanical, and
degradable properties over naturally sourced polymers [21],
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Figure 2. Hydrogel classification according to the physicochemical properties, and applications.

Natural hydrogels are composed of biopolymeric sources derived from animals and plants, which can be classified
into two categories: polysaccharides and polypeptides. In the polysaccharides group, the most commonly used
polymers are chitosan and alginate-based. On the other hand, polypeptides such as collagen and gelatin are
mainly applied as supportive and guiding scaffolds for BTE. Therefore, biopolymers can incorporate attractive
characteristics mandatory for functional biomaterials, including their chemical composition for cellular interaction
and controlled degradation. Interestingly, the cross-linking degree of biopolymeric hydrogels plays an essential role
in assembling (e.g., charge) due to the specific functional groups of certain biopolymers, or in interpolymer cross-

linking due to physical and chemical modifications (11,

Biopolymers share similar components to the extracellular matrix (ECM), showing good biocompatibility, low
immune response, and nearly null cytotoxicity compared to different synthetic polymers. Additionally, biopolymers
can promote cellular adhesion, proliferation, and regeneration of bone-forming cells (osteoblasts) [32133134]35]
Therefore, from a biophysical point of view, hydrogels resemble many virtual properties of natural tissues. The
morphological characteristics of the polymers allow for the exchange of substances, conducting cell adhesion in
the initial stage and bone growth in the follow-up stage. It has been substantially demonstrated that cells are
readily suspended in hydrogels and that the viability of encapsulated cells in the biopolymeric matrix can be largely
preserved B8IB7. Thus, natural hydrogels are also biodegradable, providing initial support for the promotion of
cellular adhesion. They degrade as cell populations grow and mature, changing the microenvironment and

substituting with newly regenerated tissue 22!,

| 4. Hydrogels for Bone Regeneration
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The application of hydrogels in tissue engineering and regenerative medicine, particularly BTE, has attracted
increasing attention due to the osteogenic drug delivery benefits that involve the polymeric matrix 21, Important
advances have been achieved using hydrogels based on synthetic polymers due to the inherent biocompatible
properties of their natural source [22. Recent trends have included the fabrication of hydrogels from
biomacromolecules to introduce specific and inherent biofunctionality to hydrogels 3. Furthermore, these
hydrogels have demonstrated excellent integration with the surrounding tissues, avoiding the complex process of
surgical removal due to failing response and reducing the possibility of inflammatory side effects (28, These
polymers can be tailored to obtain the desired geometry for implantation or injection. Moreover, we can easily
control the degradation, porosity, and release profile by altering the method and degree of cross-linking 22,
Considering these parameters, hydrogels successfully provide structural support by simulating the natural tissue
environment while offering a conductive regenerating scaffold for defective or imperfect sites. Thus far, allowing the
bone to carry out its healing mechanism is imperative, as osteoblasts can adhere both on the surface of the
hydrogel and within the hydrogel’s pores, ultimately leading to differentiation and maturing of the proliferating cells
(Figure 3) [39],

(b)

The hydrogel provides structural support taking Cells can adhere on the surface and in the porous
the form of the defect site. aof the hydrogel

Figure 3. (a) Hydrogels can be implanted by injection or surgical scaffolding in the injured area. (b) The
implantable hydrogel stimuli responsiveness (e.g., temperature and time) can follow the defect’s shape, acting as a

fine-tuning platform for promoting bone adhesion and proliferation among the surface matrix and the new tissue.

Considering the above-stated information, we can postulate that hydrogel formulations, when used for bone
regeneration, must meet specific standards when used as an implanted scaffold, or, in some circumstances, as an

injectable system “9:
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No cytotoxic and no immunogenic response, in order to avoid a chronic and non-regulable inflammatory

reaction;

Osteoinductive, osteoconductive, osteogenic, and osteocompatible qualities for better bone anchorage and

regeneration;

Mimicking the natural ECM at the implant site;

Degradable by different enzymes or environmental molecules, leaving sufficient space for new bone formation;

Resistant and stable during sterilization;

Controlling the size and interconnection of the pores to optimize the characteristics of drug release, cell growth,

oxygen diffusion, and nutrient exchange;

Patient-friendly injectable form to reduce pain and simplify the administration process.

The structures of natural polymers should be similar to the ECM, providing comparable mechanical stability and

bone integrity to prevent chronic inflammatory or immune responses. Additionally, the physical and chemical

characteristics can increase the materials’ bioactivity, strength, and toughness in hydrogel applications 2.

However, the challenges related to controlled release or drug encapsulation still require further investigation 221,

Expanding the application of hydrogels in bone regeneration demands continuous formulation and improvement of

the methods of preparation, as well as the development of in vitro and in vivo tests to enhance biocompatibility and

osteoconductive capabilities.
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