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Nano-/micron-sized bioactive glass (BG) particles are attractive candidates for both soft and hard tissue engineering.
They can chemically bond to the host tissues, enhance new tissue formation, activate cell proliferation, stimulate the
genetic expression of proteins, and trigger unique anti-bacterial, anti-inflammatory, and anti-cancer functionalities.
Composites based on biopolymers and BG particles have been developed with various state-of-the-art techniques for
tissue engineering. Gelatin, a semi-synthetic biopolymer, has attracted the attention of researchers because it is derived
from the most abundant protein in the body, viz., collagen. It is a polymer that can be dissolved in water and processed to
acquire different configurations, such as hydrogels, fibers, films, and scaffolds.
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| 1. Introduction

Composites based on gelatin and bioactive glass (BG) with different morphologies and compositions have been designed
to assist in the treatment of tissue injuries, aiming at the aesthetic and functional recovery of damaged limbs I, |n
general, these materials must be biocompatible and/or biodegradable, have mechanical strength comparable to that of the
host tissue, and allow cellular activity at the implant site Bl. In addition, it is desirable that gelatin/BG composites
overcome the clinical and socioeconomic limitations associated with the use of conventional applications ©l. The

properties, applications, and processing of gelatin/BG composites are summarized in Figure 1.
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Figure 1. Properties, applications, and processing of gelatin/BG composites.

An intrinsic characteristic of soft and hard tissues is the ability to induce regeneration mechanisms B8, |n bone,
osteoblastic cells initiate the process from the secretion of collagen and, subsequently, the crystallization of
hydroxyapatite [. Skin, which is the largest organ in the body, induces wound repair through the recruitment of cells that
perform angiogenesis and form granulation issue, culminating in wound re-epithelialization [,

However, the natural mechanisms of tissue recovery are restricted by the type, extent, and/or depth of the lesion, as well
as by the interference of microorganisms that cause infections B9, |n the first case, the severity of the injury would
require extensive time for tissue remodeling to occur only by induction of the organism. This could lead to residual
defects, such as the formation of fibrous tissue where tissues should grow (1],



In the second hypothesis, the invasion of infectious agents during or after the implantation would impair the patient’s
recovery and increase the costs associated with hospitalization and clinical procedures 2. In the United States, annual
wound repair costs exceed $50 billion 8], Worldwide, the impacts reach enormous proportions. These numbers reinforce
the demand for new products and therapeutic approaches. Added to this is the evident expansion of the biomaterials
market, estimated at $106.5 billion in a 2019 evaluation 241,

The development of composites and hybrids based on gelatin and bio-glass to solve tissue engineering issues has been
reported since the early 2000s 12IL6ILAI8] For hone tissue, there is evidence that these materials promote more effective
mineralization compared to other types of treatment 1229 The main justification reported for this is the chemical similarity
between the composite and the organic and inorganic phases in the bone structure; thus making possible a greater
reactivity with the host tissue when the composite is implanted [, In addition, the mechanical performance achieved with
the union of the polymer with the ceramic approximates the degradation time of the material to the speed of bone
formation 221,

Regarding soft tissue applications, the gelatin/BG combination has accelerated wound closure, stimulating increased
angiogenesis and granulation 23, This is due to the presence of bioactive ions capable of reducing the inflammatory
response and stimulating the secretion of proteins and growth factors 24, For example, the presence of Si promotes an
upregulation in the expression of vascular endothelial growth factor (VEGF), and the difference between the results
achieved only with the polymeric matrix after the addition of BG is evident (23], In this scenario, there are many possibilities
for the application of products based on gelatin and BG including: treatment of subcutaneous and cutaneous lesions 23!
(28] chronic wounds &4, nerve regeneration 28!, muscles 22, cartilage B9 and others.

Although both gelatin and bioactive glasses have been studied extensively for their impact on both hard and soft tissue
repair, many limitations remain to be addressed. Gelatin requires crosslinking of its chains to obtain the required stability
in physiological environments B2 For example, the thermostability of gelatin without crosslinking can change the
structure from a solid to a gel which can lead to adverse effects when implanted in vivo 23184, The field of bioactive glass
has received an overwhelming amount of attention, with hundreds of publications being published per year. All aspects
including chemistry, processing, and application, have been studied, but such a broad field has left many gaps to be
explored. Compositional design requires optimization depending on the desired application. For example, SiO,-based
compositions are less suited for soft tissue regeneration than B,O3 or P,Os B3], Processing methods such as sol-gel

synthesis have yet to be commercialized and less than 26 BG-based medical devices have been approved for clinical use
(s8]

| 2. Bone Engineering

Bone tissue is one of the largest systems present in living organisms B4, It differs from other tissues in that it is in a
constant process of reconstruction, as some parts of the bone are absorbed, others are excreted and/or remodeled as a
result of the dynamics of osteoblastic, osteolytic, and osteoclastic cells [ALLET,

Bone is a natural composite, with about 70% of its composition consisting of inorganic phases based on calcium and
phosphate salts. The other fraction is organic, predominately composed of type | collagen, but proteins such as
proteoglycans and glycoproteins are also present. The tissue morphology is also heterogenous as it consists of some
compact/dense regions (cortical bone) and other porous/spongy (trabecular bone) regions [LIEIE9],

2.1. Bone Healing Mechanisms

When bone is damaged, whether as a result of bone loss, fractures, disease, or any other type of injury, phenomena such
as hemorrhage, matrix destruction and cell death occur. From this, the regeneration process can be summarized in three
continuous and simultaneous phases: inflammation, regeneration, and remodeling EI[L4],

Initially, macrophages eliminate cellular and tissue debris. Then, new osteoprogenitor cells begin to proliferate, forming
connective tissue, “glue”, between the ends of the injured region Z. Gradually, a “bone callus” is formed at the site
(Figure 2), which is replaced by a secondary structure similar in shape to the one that previously existed 4.
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Figure 2. Natural process of bone repair in the fracture zone. Adapted from Zhu et al. [4.

The first phase of bone formation itself occurs when osteoblasts secrete collagen molecules and proteoglycans [@. It is
assumed that after these steps, salt deposition begins, culminating in the final product known as hydroxyapatite, with the
chemical formula Ca;o(PO4)g(OH), B2,

The subsequent stage is the polymerization of the excreted monomers, resulting in an osteoid, which consists of a non-
mineralized matrix whose texture is similar to cartilage. Gradually, the calcium and phosphate particles deposited on the
collagen matrix multiply and are distributed throughout the tissue, converting into hydroxyapatite crystals over the course

of a few days or weeks. This structural characteristic confers bone tissue’s high tenacity and compressive strength BZ29]
[41]

The regeneration processes described above are expected to occur without the intervention of fibrous tissue and
undesirable microorganisms such as bacteria. This is an important issue to be considered, given that the injuries caused
to hard tissue also directly impact the socioeconomic system due to the costs of hospitalization, clinical procedures,
surgeries and work disability in some cases 42!,

2.2. Orthopedic Clinical Challenges

For hundreds of years, prosthetic implants utilized metals and their alloys with a primary emphasis on titanium, cobalt-
chromium, and stainless steel. These metals had good mechanical performance but were subject to corrosion and lacked
osteointegration LA411431144] From the end of the 20th century, with the creation of the tissue engineering concept, studies
were directed towards the search for materials that exhibit chemical similarity with the tissue, maintain the mechanical
stability of the host and lead the tissue regeneration process 4345l However, orthopedic problems still represent an
emerging and global issue. In the 2019 World Health Organization report, injuries caused by trauma occupy the second
position in the ranking of the main causes of death in the world 8],

Critical-sized bone defect healing represents one of the most significant unmet obstacles in bone regeneration. Originally,
bone grafting was used to repair defects caused by tumors, traumatic fractures, and other types of injuries 4. However,
the technique has limitations associated with prohibitive costs and potential damage to health, resulting from infection,
inflammation, or immunological rejection at the implant site [BI47,

Biomaterials are used to repair these defects and restore structure and function, often by acting as a substitute for the
missing bone. The optimal characteristics for such biomaterials may differ significantly depending on the location of the
bone defect and the kind of bone loss (cortical versus cancellous). If a soft biomaterial (e.g., gelatin/BGs composites) is
used to fill the cortical lesion instead, a stable plate fixation is necessary to provide mechanical stability. In such a
circumstance, the patient will need to be able to move around freely, which requires a rapid change of the softer
biomaterial into cortical bone. In most cases, implant loosening or fatigue failure should not occur until after bone growth

and consolidation have occurred. If this race is lost, incomplete osteosynthesis leads to nonunion and implant failure 48!
[49][50]

Bone loss or resection due to a tumor or infection can also result in critical-sized defects. Bone replacement is an integral
aspect of treatment in these scenarios. It would be beneficial if a biomaterial could deliver substances that cure the
underlying disease that causes bone loss. This functionalization of biomaterials may become one of the most important
progresses in biomaterials research. Treatment for bone abnormalities following infection typically entails two or more
phases of revision surgery, with antibiotic-loaded bone cement spacers used between procedures. In this case, a
vascularized fibular graft is used to bypass the donor site morbidity of the autologous bone graft by using a biomaterial
with bone regeneration capabilities for large defects and the elution of antibiotics BU5253],

Another problem is bone abnormalities in seniors because of low-impact fractures. Significant deformities sometimes
result from several fractures in these people, with the underlying cause often being an osteopenic bone weakness. A
commuted fracture most often occurs in the proximal femur, proximal humerus, or vertebral body. Limited bone quality in
the remaining bone makes rigid fracture fixation by standard instrumentation difficult. Bone grafting, either autologous or



allogeneic, is frequently used to repair these types of abnormalities, which can lead to arthroplasty in the future. Methods
of enhancing bone regeneration are desperately needed considering the aging of the population and the rise in late-life
activity. Given this, it is easy to appreciate the pressing need for novel therapies that give surgeons the tools they need to
facilitate rapid and reliable bone regeneration in their patients [B411551[56]

| 3. Soft Tissues Engineering

Soft tissues are present in all organs that make up the body, being distinguished into four types: epithelial, connective,
muscular and nervous. The epithelial tissue (or epithelium) lines the surfaces and body cavities and has the function of
secreting substances. Connective tissue is located below the others, acting to support and sustain them. Muscle tissue, in
turn, is responsible for body movements induced by cells capable of contracting. Nervous tissue establishes the
connection between external and internal stimuli to the organism, enabling the performance of activities with different
levels of complexity B1M4Y. |n this section, skin lesions, which predominantly consider the epithelial and connective
tissues, will be discussed in greater depth.

The skin is considered the largest organ in the body. It plays an immunological role, as it acts as a mechanical, physical
and chemical barrier, protecting internal structures against infections and injuries of different nature, such as cuts,
traumas, burns and ulcers 2. In addition to functioning as an “envelope” for the body, the skin regulates moisture loss
and changes in body temperature while also acting as natural mechanism to promote the reconstitution of its structure
when damaged, which makes up the wound healing cascade [El[28],

The skin’s immune mechanism can be subdivided into two parts that are connected to each other and synchronized with
the body’s immune system as a whole: the epidermal region and the dermal region. Both generate a favorable
environment for the performance of immune cells, but also coexist cells responsible for continuous tissue maintenance
and regeneration. Fibroblasts stand out as a predominant lineage in connective tissues in general, whose functions
include locomotion capacity, collagen fiber production and extracellular matrix (ECM) renewal 52,

3.1. Wound Healing Mechanisms

The wound healing process occurs in well-defined phases, involving different cell types and metabolisms. Three
overlapping steps are known: inflammation, proliferation, and remodeling [88%, Some classifications consider separately a
hemostasis stage, totaling four, briefly described below and illustrated in Figure 3. The initial stage precedes inflammation
and results in bleeding interruption from clot formation (hemostasis). In this scenario, activated platelets secrete cytokines
that attract inflammatory cells and other populations to the wound site (28,
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Figure 3. Stages of the wound healing cascade.

The inflammatory phase occurs during the initial stages of recovery after an injury, protecting it from pathogens. It is
characterized by the secretion of growth factors from inflammatory cells, which stimulate the proliferation of vascular
endothelial cells and fibroblasts. The latter produces type Il collagen that replaces the fibrin matrix. Other cells are



recruited to the site of injury at the same time, including neutrophils, monocytes, mast cells, and other non-inflammatory
categories that actively contribute to the healing flow and protection against bacteria and antigens 162

From cell proliferation, which consists of the second stage, angiogenesis and granulation tissue formation begin, followed
by wound re-epithelialization. When there is a deficiency in the speed of cell proliferation and, consequently, in the
deposition of collagen, the healing process exceeds the expected period. According to this criterion, wounds are classified
as acute when recovered between 8 and 12 weeks, and chronic when healing is delayed or does not occur 131631,

Finally, remodeling and/or maturation occurs, which can last up to two years after the appearance of the lesion. It is
characterized by the gradual replacement of type Ill collagen by type | collagen, which generates a more rigid structure at
the wound site and forms scar tissue 64,

3.2. Therapeutic Approaches in Wound Repair: A Brief Introduction

To repair injuries caused to soft tissues (Figure 4a) as a result of trauma, diseases and/or accidents, one of the most
used practices over time is grafting, as for hard tissue. For wound care, costs exceed $50 billion annually to serve more
than 5.7 million people in the United States alone 13l When the wound does not heal on its own, standard therapy
includes debridement and skin grafting once the granulation tissue has formed (65,
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Figure 4. Typical injuries caused to soft tissue and healing processes: (a) Lesions caused by traumas, diseases, and/or
accidents; (b) Lesions caused by burns; (c¢) Non-compressive lesions caused by sharp objects and/or firearms.

However, autologous grafts can trigger complications such as infections in the postoperative phase, immunological
rejection, absorption, and loss of volume. In addition, this technique is associated with a decrease in mechanical
resistance, which can lead to graft failure and generate a severe scar contracture. For this reason, the scientific
community in the field of tissue engineering has been dedicated to the development of systems capable of regenerating
and restoring the functionality of these tissues, overcoming the limitations of practices already in use 4.

Until the 20th century, the treatment of burn wounds (Figure 4b) had many limitations, commonly resulting in the patient’s
death due to poor wound care management. Pharmacotherapy strategies have advanced, but challenges in treating soft
tissue injuries remain. As already stated, infection is a predominant issue, whether endogenous or exogenous. The
multiplication of microorganisms, primarily facilitated by overly moist wound environments or delays in healing, prolongs
the hospitalization period driving costs higher for the healthcare system 2158l

A particular problem is deep wounds generated by trauma that cause uncontrolled bleeding. Currently, hemorrhage is the
cause of more than 30% of deaths from trauma worldwide due to the difficulty of providing the patient with immediate
intervention and prior to hospital care 241,

Especially in cases of non-compressible injuries (Figure 4c), such as those caused by sharp objects and/or firearms,
conventional dressing methods and direct pressure are inefficient, which reinforces the demand for hemostatic agents

capable of stopping acute bleeding and promoting healing, minimizing the risk of bacterial colonization at the wound site
[66]

Additionally, the type of injury is also a limiting factor to allow healing by conventional methods. In the case of extensive
and/or deep wounds, there is a shortage of healthy tissue available for autogenous grafting; that is, those whose source of
extraction is the patient themself. In the cases of large tissue loss, the wound does not heal by primary intention,
measured by approximation by edges of the suture 3. These instances require intensive care to promote secondary



intention where granulation grows at the edge of the open wound. To meet this demand, new approaches have been

explored including implants, dressings, artificial organs and living tissue, which are created by growing cells in scaffolds

before insertion into the body L3Il Among the candidate materials for repairing soft and hard tissue injuries, composites

based on gelatin and bioactive glass have been extensively explored. Their potential is thoroughly discussed after briefly

addressing the gelatin and BGs characteristics.
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