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Preface

Novel Biomaterials for Tissue Engineering provides an overview of the trends in biomateri-
als used in tissue engineering, addressing numerous innovative materials that can be
integrated into future medical applications. This book is the result of society’s need for
new materials and trends in medicine due to increasingly complex challenges, as well as
the need for sustainable and efficient solutions. The book comprises eight chapters and is
structured into two sections: “Novel Biomaterials” and “Trends in Tissue Engineering.”

In the first section, “Novel Biomaterials”, the book explores the general trends in the
application of biomaterials, highlighting both their advantages and limitations in vari-
ous medical fields. It discusses the importance of selecting and designing biomaterials
based on the specific requirements of medical applications, considering biocompat-
ibility, mechanical properties, wear and corrosion resistance, and osseointegration.

The second section, “Trends on Tissue Engineering”, continues with a discussion on
nanofibers for skin regeneration and wound treatment applications, followed by an
analysis of manufacturing techniques for scaffolds applied in regenerative medicine.
This section emphasizes the essential role of scaffolds in providing a three-dimen-
sional environment for tissue regeneration and discusses various manufacturing
methods, from conventional to advanced techniques such as 3D bioprinting.

In conclusion, the book offers a comprehensive perspective on the role of new bio-
materials in tissue engineering and regenerative medicine, highlighting significant
progress, current challenges, and future research directions in this dynamic field. We
thank all national and international authors for their excellent contribution, which has
significantly enriched our study field.

We hope this book proves to be a valuable source of inspiration for researchers,
biomaterials engineers, students, and medical professionals, offering an in-depth
exploration of the latest discoveries and emerging technologies in the manufacturing
of innovative biomaterials.

Petrica Vizureanu and Madalina Simona Baltatu
Faculty of Materials Science and Engineering,
Gheorghe Asachi Technical University of lasi,

lasi, Romania
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Chapter 1

General Trends on Biomaterials
Applications: Advantages and
Limitations

Mihaela Claudia Spataru, Madalina Simona Baltatu,
Andrei Victor Sandu and Petrica Vizgureanu

Abstract

The field of biomaterials has witnessed significant advancements in recent years,
with increasing applications in various medical disciplines. This book chapter provides
an overview of the trends in biomaterials applications, highlighting their advantages
and limitations. Biomaterials play a critical role in improving patient outcomes,
enabling the development of innovative medical devices, and enhancing the quality of
life. They find extensive use in orthopedics, esthetic surgery, ophthalmology, maxil-
lofacial surgery, cardiology, urology, neurology, and other medical specialties. While
biomaterials offer numerous benefits, their selection and design depend on specific
medical applications. Biocompatibility, adequate mechanical properties, physical and
chemical characteristics, wear resistance, corrosion resistance, and osseointegration
are important considerations. However, the complexity of the biological environment
and the lack of detailed knowledge about in vivo conditions pose challenges. The
success of an implant replacement relies on the tissue-material interface, which varies
based on the desired outcome. Hemocompatible behavior is necessary for implants in
contact with blood, whereas osseointegrated implants require a strong interaction for
high adhesion force. This chapter also discusses the limitations of biomaterials,
including immune reactions, limited biocompatibility, durability issues, interactions
with the surrounding environment, lack of regeneration, high costs, and design con-
straints. It emphasizes the importance of ongoing research and development to over-
come these limitations and advance the field of biomaterials.

Keywords: biomaterials, classification, medical applications, advantages, limitations

1. Introduction

Biomaterials are constantly used in the medical field and can be defined as “mate-
rials that present new properties that make them suitable to come into direct contact
with living tissue without causing an immune rejection or an adverse reaction” [1]. It
should be mentioned that the prefix “bio” of biomaterials refers to “biocompatible,”
rather than “biological” or “biomedical,” as is often misinterpreted [2-5].
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Biomaterials have been utilized in various forms throughout antiquity, demonstrat-
ing the ingenuity and resourcefulness of ancient civilizations. Although the concept of
biomaterials as we understand them today was not fully developed, ancient societies
intuitively utilized natural materials with desirable properties for medical purposes. In
ancient Egypt, linen and papyrus were employed as bandages and wound dressings,
providing protection and aiding in healing [6, 7]. Natural resins like myrrh and frank-
incense, known for their antimicrobial properties, were incorporated into ointments and
balms. In ancient Greece, honey was used for its antibacterial and anti-inflammatory
effects, while olive oil served as a moisturizer and enhancer of medicinal herbs. Tradi-
tional Chinese medicine relied on biomaterials derived from plants, animals, and min-
erals. Herbal remedies with ginseng, aloe vera, and pearl powder promoted healing and
rejuvenation. Natural substances like shells, bones, and stones were used for their
mechanical properties in bone setting and acupuncture. These early practices laid the
foundation for the development of modern biomaterials in medicine [8-11].

The first generation of biomaterials emerged in the 1950s and 1960s and primarily
consisted of industrial materials that were not specifically developed for medical use.
These biomaterials were selected based on their physical properties relevant to the
intended clinical application and their bioinert nature, meaning they elicited minimal
response in host tissues and were considered biocompatible. Common materials
included polymers, metals, and ceramics. The primary goal of first-generation bio-
materials was to achieve an appropriate combination of functional properties that
matched the replaced tissue without eliciting deleterious host responses. Examples of
first-generation biomaterials include pyrolytic carbon, initially developed for coating
nuclear fuel particles, and later used in modified forms to coat mechanical heart valve
components [12-14].

The second generation of biomaterials evolved from the first generation and aimed
to induce specific therapeutic effects by causing controlled reactions with the sur-
rounding tissues. These bioactive materials were designed to interact with the host
tissue to achieve desired outcomes [14-16]. Examples of second-generation biomate-
rials include bioactive glasses and ceramics used in orthopedic and dental surgeries for
localized controlled drug release applications. Another example is the HeartMate® left
ventricular assist device, which features a textured polyurethane surface that pro-
motes a controlled thrombotic reaction to minimize the risk of blood clotting. Drug-
eluting endovascular stents, which limit restenosis (blood vessel closure) after balloon
angioplasty, are also considered second-generation biomaterials [17-19].

Additionally, the second generation saw the development of resorbable biomate-
rials that could be degraded over time. These biomaterials had tailored degradation
rates, allowing them to be absorbed by the host tissue and eliminating the need for
long-term foreign materials. A well-known example is the use of biodegradable
sutures composed of polyglycolic acid (PGA) since the 1960s. Ongoing research
focuses on finding biodegradable polymers with properties such as strength, flexibil-
ity, tissue-friendly composition, and degradation rates suitable for specific applica-
tions. Novel properties like shape memory and programmable and interactive surfaces
controlling the cellular microenvironment are also being investigated within the realm
of second-generation biomaterials [20].

Biomaterials play an essential role in the human body by serving as artificial sub-
stitutes or implants that interact with living tissues, organs, and bodily fluids. They
contribute to various medical treatments, therapies, and interventions, improving
patient health and quality of life. In Table 1. are the essential roles of biomaterials in
the human body [21-23].
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Application Description Example

Medical Implants Biomaterials are used as implants to replace joint replacements, heart valves,
or support damaged or dysfunctional body pacemakers, and vascular stents,

parts restoring cardiovascular functionality
Tissue Play an important role in tissue engineering skin grafts, bone grafts, and artificial
Engineering and  and regenerative medicine. They provide organs
Regenerative scaffolds or matrices to support the growth
Medicine and regeneration of tissues and organs.

These biomaterial scaffolds mimic the
extracellular environment and guide cell
growth, leading to the formation of new

tissue
Drug Delivery Are used as carriers or vehicles for Implants, nanoparticles, hydrogels, or
Systems controlled drug delivery. They can be microparticles

engineered to release drugs or therapeutic
agents in a controlled manner, targeting
specific tissues or cells. This approach
improves drug efficacy, reduces side
effects, and enhances patient compliance

Diagnostic and Are integral to the development of Catheters, prosthetics, and surgical
Therapeutic diagnostic and therapeutic devices. instruments to ensure compatibility and
Devices Biosensors and biochips utilize biomaterials minimize adverse reactions

to detect and analyze biological samples for
diagnostic purposes

Wound Healing  Are employed in wound healing and wound healing and dressings
and Dressings dressings. They can create a conducive

environment for wound healing by

controlling moisture levels, promoting

tissue regeneration, and preventing

infection
Dental Materials ~ Are extensively used in dentistry for Orthodontic braces and aligners to
various applications. Tooth-colored correct dental misalignments

composites and ceramics restore damaged
teeth, mimicking natural tooth structure
and appearance. Dental adhesives and
cements facilitate the bonding of restorative
materials to tooth structures

Surgical Tools Play a role in surgical tools and equipment. Implants or sutures that eventually
and Equipment  Instruments made from biocompatible degrade and are absorbed by the body
materials ensure compatibility with the
human body during surgical procedures

Research and Are vital in research and development of New medical technologies and
Development new medical technologies and treatments.  treatments

They enable in vitro studies and preclinical

testing of medical devices, drug delivery

systems, and tissue engineering approaches

Table 1.
Biomaterials voles in the human body [21-24].

Overall, biomaterials contribute significantly to modern medicine and healthcare.
They enable the repair, replacement, and regeneration of damaged tissues and organs,
facilitate drug delivery, improve diagnostic capabilities, and support surgical
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interventions. By harnessing the unique properties of biomaterials, researchers and
medical professionals continue to advance treatments and interventions, ultimately
improving patient outcomes and well-being.

The growth and success of the field of biomaterials are evident, as proven by
multiple statistics. Researchers are continuously contributing to this field to continue
its growth and strengthen its significance for medicine and biology. They address
several impediments that appear from patient to patient, contributing significantly to
their improvement [8].

2. Classification of materials used for medical applications

The role of biomaterials in the medical field has undergone substantial transfor-
mations in response to advances in science and technology. The ever-evolving
healthcare landscape and the growing demands of medical practice have been pivotal
drivers behind the continuous developments in the field of biomaterials and their
diverse applications.

Biomaterials are typically categorized based on their functionality within the
human body and their unique material properties [6]. To begin with, one approach to
classification is based on their application at various levels of the human body. At the
systemic level, biomaterials are used to restore and repair vital systems, such as the
skeletal system, where joint replacements and bone plates have become indispensable.
On the organ level, we witness remarkable advancements, with artificial heart valves,
total valve replacements, and cardiac pacemakers offering life-changing solutions for
heart-related ailments. Additionally, the treatment of specific body parts sees bio-
materials like artificial hip joints and kidney dialysis machines replacing or aiding
damaged or diseased organs, while materials such as screws, sutures, and bone plates
play an important role in wound healing.

Another significant classification of biomaterials revolves around their material
properties, primarily dividing them into four broad categories: metals, composites,
ceramics, and polymers (Figure 1). The extensive range of biomaterial options offers
practitioners a diverse selection to match specific treatment requirements. For
instance, chemically inert metals are chosen for their high electroconductivity and
durability, making them suitable for use as electrodes in artificial organs and for long-
term restoration of bodily functions. Conversely, biodegradable materials like sutures
serve as temporary frameworks, facilitating tissue regeneration in patients who
require it.

1.Metals are a class of materials characterized by their high electrical conductivity,
malleability, ductility, and typically high strength. They consist of metallic
elements and often exhibit metallic bonding, where electrons are delocalized and
shared among atoms. Metals are commonly used in engineering and biomaterial
applications due to their mechanical properties and biocompatibility. Some
examples of metals used in biomaterials include titanium, stainless steel, cobalt-
chromium alloys, and tantalum. Metals are often utilized for load-bearing
applications such as orthopedic implants, dental implants, and cardiovascular
stents [25-27].

2. Composites are materials composed of two or more distinct components, such as
fibers, particles, or flakes, embedded in a matrix material. The combination of
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Metals and alloys

Composite
materials

* Stainless steels
= Titanium
* Pyrolytic e Cobalt

* Carbon fibers = Magnesium

Ceramic materials Polymeric

s Aluminum oxide * Nylon
= Carbon * Silicone
* hydroxyapatite * Teflon

Figure 1.
Classification of biomaterials.

different materials in a composite allows for synergistic properties that are
superior to those of the individual components alone. Composites can be
engineered to have specific mechanical, electrical, or thermal properties. In
biomaterials, composite structures are commonly formed by reinforcing a
polymer matrix with fibers or particles made of materials such as carbon fiber,
glass fiber, or ceramic particles. The matrix material holds the reinforcement
together and transfers loads. Composites find applications in various fields,
including aerospace, automotive, and biomedical engineering [28].

3.Ceramics are inorganic, non-metallic materials that are typically composed of
metallic and non-metallic elements. They are known for their high melting
points, hardness, stiffness, and excellent thermal and chemical stability.
Ceramics can be crystalline or amorphous in structure. In the context of
biomaterials, ceramics such as alumina, zirconia, and hydroxyapatite are used for
their biocompatibility, wear resistance, and ability to bond with bone. Ceramic
biomaterials are commonly employed in orthopedic implants, dental implants,
and coatings for medical devices [29].

4.Polymers are large molecules composed of repeating subunits called monomers.
They have long chains or networks of interconnected monomers, which give
them unique properties. Polymers can be natural or synthetic. Natural polymers,
such as collagen and elastin, are found in living organisms. Synthetic polymers,
like polyethylene, polyurethane, and silicone, are widely used in biomedical
applications. Polymers are known for their versatility, ease of processing,
lightweight nature, and tunable properties. They can be tailored to have different
mechanical, chemical, and biological characteristics, making them suitable for a
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BENEFITS
High mechanical Elasticity Biocompatibility Hardness
characteristics Manufacturability Bioinert Possibility of
Biocompatibility Compression modeling
strength
) . Ceramic Composite
Metals and alloys Polymeric materials : )
materials materials
Susceptible to Low density Fragility Hard to get
corrosion Susceptible to Hard to get
degradation Inelasticity
DISADVANTAGES

Figure 2.
Few advantages and disadvantages of using different classes of biomaterials.

wide range of biomaterial applications, including tissue engineering scaffolds,
drug delivery systems, and medical device coatings [30].

It is important to note that the advantages and disadvantages mentioned above are
general and can vary depending on the specific composition, processing techniques,
and intended application of the biomaterials. The selection of biomaterials for a
particular application should consider the specific requirements, such as mechanical
properties, biocompatibility, degradation rate, and the desired interaction with host
tissues [31].

The different classes of biomaterials exhibit distinct advantages and disadvantages,
which play a defining role in their selection. Figure 2 provides an overview of the
classification of biomaterials in medical applications, organized according to organs,
systems, and other body parts. When choosing a biomaterial for a specific application,
it is crucial to consider the material’s inherent properties, including corrosion resis-
tance, biocompatibility, mechanical and metallurgical properties, as well as its perfor-
mance during processing and use, cost, and availability. These factors directly
influence the suitability of a material for a given application [32-39].

3. Biomaterials advantages and limitations

For medical applications, the design and material choice are vital and are based on
the unique requirements of the application. It is important to take into account a few
key factors when it comes to metal implants in order to guarantee their security and
continued use without rejection. These characteristics include, but are not limited to:

1. Excellent biocompatibility: Biocompatibility is a fundamental requirement for any
implant material. It refers to the ability of the material to interact with the
biological system without causing adverse reactions or toxicity. A metal implant



General Trends on Biomatervials Applications: Advantages and Limitations
DOT: http://dx.doi.org/10.5772 /intechopen.114838

should be non-toxic and well-tolerated by the body to minimize the risk of
inflammation, rejection, or other complications.

2.High corvosion resistance: Metal implants are exposed to physiological
environments within the body, which can be corrosive. Therefore, it is crucial for
the selected metal to possess high corrosion resistance. This ensures that the
implant remains structurally stable and maintains its mechanical integrity over
time, avoiding the release of potentially harmful metal ions or degradation
products.

3. Adequate mechanical properties: Metal implants must possess adequate
mechanical properties to withstand the physiological loads and stresses they will
experience. These properties include strength, toughness, and fatigue resistance.
Sufficient mechanical strength is essential to prevent implant failure or
deformation under normal physiological conditions.

4. Wear resistance: Metal implants, particularly those involved in articulating joints,
should exhibit good wear resistance. This helps to minimize the generation of
wear particles and the associated inflammatory response, ensuring long-term
performance and reducing the risk of complications.

5. Osseointegration: In the case of bone prostheses, such as hip or knee implants,
osseointegration is a critical characteristic. It refers to the ability of the implant to
integrate and form a stable bond with the surrounding bone tissue. This
promotes long-term fixation and stability of the implant, allowing for efficient
load transfer and improved patient mobility.

In addition to these characteristics, other factors, such as the material’s fabrication
process, surface properties, and sterilization methods, also play a significant role in
the design and selection of metal implants for specific medical applications. Each of
these factors should be carefully evaluated and optimized to ensure the safety,
efficacy, and long-term success of the implant in the intended patient population
[40-45].

By considering these essential characteristics and incorporating them into the
design and selection process, engineers and medical professionals can ensure that
metal implants meet the specific requirements of the medical application and con-
tribute to improved patient outcomes and quality of life.

Each of the material classes has its own distinct properties and characteristics,
making them suitable for specific applications in the field of biomaterials. The choice
of material depends on factors such as mechanical requirements, biocompatibility,
degradation properties, and the desired interaction with host tissues. Table 2 high-
lights some advantages and disadvantages of all classes [3, 17].

There are numerous benefits to using metals and alloys as biomaterials. They are
ideal for load-bearing applications such as orthopedic devices and implants because
they have outstanding mechanical qualities such as high strength, toughness, and
ductility. Many metals and alloys also have a natural resistance to corrosion, which
helps them tolerate extreme physiological conditions and ensures their longevity and
long-lasting performance in biomedical applications. Certain metals and alloys,
including titanium and stainless steel, exhibit strong biocompatibility and are well-
tolerated by the body, making it easier for implants used in orthopedics and dentistry
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Class Advantages Disadvantages
Metals and  High strength and mechanical * May cause stress shielding, where the implant
alloys properties, suitable for load-bearing absorbs stress instead of the surrounding bone,
applications. leading to bone loss.
¢ Good corrosion resistance. ¢ Limited ability to promote tissue regeneration.

¢ Compatible with imaging techniques
like X-rays.

Composites ¢ Tailorable mechanical properties, » Complex fabrication processes.
combining the strengths of different ¢ Potential for delamination or interface failure
materials. between the matrix and reinforcement.
¢ Can mimic the properties of natural ¢ Limited availability of biocompatible
tissues. composite materials.

¢ Improved biocompatibility and ability
to promote tissue regeneration
compared to metals.

Ceramics ¢ Excellent biocompatibility. * Brittle nature, making them susceptible to
* High strength and hardness. fracture.
* Chemical stability and resistance to ¢ Poor toughness and low tensile strength.
wear. * Difficulty in achieving strong bonding with
 Capable of promoting bone surrounding tissues.
regeneration.
Polymers ¢ Versatility and ease of fabrication. * Lower mechanical strength compared to
* Can be tailored to mimic the metals and ceramics.
properties of natural tissues. ¢ Limited resistance to wear and degradation.
* Generally lightweight and flexible. * Potential for leaching of chemicals or
* Some polymers exhibit good degradation byproducts.
biocompatibility and promote tissue ~ * May cause inflammation or immune reactions
integration. in some cases.
Table 2.

Biomaterials voles in the human body.

to integrate with surrounding tissues and promote osseointegration. Additionally, the
properties of metals and alloys can be precisely engineered through careful alterations
to their chemical makeup and heat treatment processes, enabling customization to
satisfy particular application needs.

Metals and alloys, while offering numerous advantages as biomaterials, also have
certain limitations. One limitation is their relatively high density compared to other
biomaterials, which can pose challenges in weight-sensitive applications like implants
and prosthetics. Additionally, despite their inherent corrosion resistance, metals are
still susceptible to wear and corrosion, especially in load-bearing scenarios, necessi-
tating the use of protective coatings or regular monitoring for optimal long-term
performance. Another limitation is the potential for allergenic reactions or hypersen-
sitivity to specific metals or alloy components, such as nickel or cobalt, which may
restrict their use in certain individuals with sensitivities [46-49].

Composites possess several advantages as biomaterials:

* Tailored Properties: Composites allow for the combination of different materials,
such as fibers or particles embedded in a matrix, enabling the attainment of
specific mechanical, electrical, or thermal properties. This customization
facilitates optimization for diverse applications.
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* High Strength-to-Weight Ratio: Composites offer the advantage of high strength
combined with low weight. This characteristic is particularly valuable in
applications that require lightweight yet robust materials, including aerospace
engineering or orthopedic implants.

* Improved Fatigue Resistance: Composites exhibit superior fatigue resistance
compared to conventional materials. This attribute renders them well-suited for
dynamic load-bearing applications, such as bone fracture fixation or sports
equipment.

However, it is important to note that composites also have some limitations,
including potential delamination between different material layers, difficulty in
recycling due to material heterogeneity, and complexity in fabrication and processing.
These limitations need to be carefully considered and addressed in order to fully
harness the benefits of composite biomaterials [50-53].

Ceramics are a class of biomaterials that offer numerous advantages for medical
applications:

* Biocompatibility: Ceramics such as alumina, zirconia, and bioactive glasses
exhibit excellent biocompatibility, meaning they are well-tolerated by the body
and do not cause adverse reactions. This makes them suitable for various medical
applications.

* High strength and hardness: Ceramics possess exceptional mechanical properties,
including high strength and hardness. They can withstand substantial loads and
provide structural support in applications such as dental implants and load-
bearing joint replacements.

* Wear resistance: Ceramics exhibit low wear rates, making them suitable for
articulating surfaces in joints. Their wear resistance helps to minimize the
generation of wear debris, reducing the risk of inflammation and implant failure.

* Corrosion resistance: Many ceramics are highly resistant to corrosion, making them
suitable for implantation in corrosive physiological environments. They can maintain
their structural integrity and prevent the release of potentially harmful ions.

* Tailorable surface properties: Ceramics can be engineered with specific surface
characteristics to enhance tissue integration and osseointegration. Surface
modifications, such as coatings or roughening, can promote cell adhesion and
accelerate the healing process.

Limitations/drawbacks of Ceramics:

* Brittle behavior: Ceramics are inherently brittle materials, meaning they have low
fracture toughness and are prone to cracking under tension or impact. This limits
their use in applications where high tensile or impact forces are expected.

* Difficulty in processing and shaping: Ceramics often require complex and
specialized processing techniques such as sintering, which can be time-
consuming and expensive. Additionally, their brittleness makes shaping and
machining challenging.
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* Lack of resorbability: Unlike certain biomaterials, such as biodegradable polymers,
most ceramics are not resorbable by the body. They are intended for long-term use
and may require surgical removal if replacement is necessary.

* Poor electrical conductivity: Ceramics have low electrical conductivity, which
can be a limitation in certain applications where electrical stimulation or
conductivity is required.

* Variability in properties: The properties of ceramics can vary based on factors
such as composition, processing, and manufacturing techniques. This variability
requires careful quality control and testing to ensure consistent and reliable
performance [53, 54].

Polymers offer a wide range of advantages as biomaterials:

* Their versatility allows for a wide range of chemical compositions and the
ability to engineer polymers with specific mechanical properties, such as
flexibility or stiffness. This makes them highly adaptable for various medical
applications, including drug delivery systems, wound dressings, and tissue
scaffolds.

* Biocompatibility: Many polymers have excellent biocompatibility, meaning they
are well-tolerated by the body and have minimal adverse reactions. They can be
designed to closely mimic natural tissues, promoting cell adhesion, proliferation,
and tissue regeneration.

* Ease of processing: Polymers are generally easier to process than other
biomaterials. They can be molded, extruded, or fabricated into complex shapes
using techniques like injection molding or 3D printing. This allows for efficient
and cost-effective manufacturing of medical devices and implants.

* Tailorable degradation: Polymers can be designed to degrade at specific rates,
allowing for controlled release of drugs or gradual integration with surrounding
tissues. This enables precise modulation of the healing process and avoids the
need for additional implant removal surgeries.

However, polymers also have certain limitations to consider:

* Mechanical strength: While polymers offer flexibility, they may have lower
mechanical strength compared to metals or ceramics. This can limit their use in
load-bearing applications or require reinforcement strategies.

* Degradation products: Some polymers may release degradation byproducts
during breakdown, which can cause inflammation or tissue response. Careful
selection of biocompatible polymers and a thorough understanding of their
degradation mechanisms are crucial to minimize these effects [55-58].

Despite these limitations, polymers remain an important class of biomaterials due
to their versatility, biocompatibility, ease of processing, and tailorable degradation
properties. Ongoing research and development efforts aim to address the limitations
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and further enhance the performance and applicability of polymer-based biomaterials
in various medical fields.

It is important to address these limitations through advanced manufacturing tech-
niques, process optimization, and thorough design analysis to fully exploit the poten-
tial of composites in various biomedical applications.

4. Applications of biomaterials in medicine

Biomaterials play a significant and multifaceted role in numerous fields, spanning
orthopedics, esthetic surgery, ophthalmology, maxillofacial surgery, cardiology, urol-
ogy, neurology, and practically all medical specialties encompassing over 400 distinct
products. In the realm of medical sciences, biomaterials hold significant importance in
the fabrication of dental devices, implants, prostheses, and tissue scaffolds [59-61].
These materials enable advancements in healthcare by providing solutions for various
clinical needs, such as restoring mobility, improving esthetics, enhancing vision,
repairing facial structures, treating cardiovascular conditions, addressing urological dis-
orders, and facilitating neurological interventions. The broad utilization of biomaterials
across diverse medical specialties underscores their indispensable role in enhancing
patient care, promoting medical innovation, and improving overall quality of life.

Biomaterials have a vital role in diverse medical applications spanning across
various classes:

4.1 Metals and alloys

* Orthopedics: The use of titanium alloys in the manufacturing of hip and knee
replacements has significantly improved the outcomes of these surgeries by
providing durable and biocompatible solutions for joint replacement. A notable
example is the development of the Ti-6Al-4 V alloy, widely used in orthopedic
implants due to its excellent mechanical properties and good biocompatibility
[62, 63].

* Cardiology: Cobalt-chromium alloys have been pivotal in the advancement of
coronary stents, enhancing the treatment of coronary artery disease. The
L605 alloy, for example, is utilized for its superior strength and corrosion
resistance, which are critical for maintaining blood vessel patency post-
angioplasty [64].

4.2 Composites

* Dental: Dental composite materials have revolutionized esthetic dentistry,
providing tooth-colored fillings that blend seamlessly with the natural tooth
structure. A study by Maran et al. [65] highlights the use of nano-composite
resins for fillings, which offer improved esthetics and strength compared to
traditional materials.

* Sports medicine: Carbon fiber-reinforced polymers are utilized in the fabrication
of custom orthotic devices for athletes, combining lightweight properties with
high strength. The application of these composites in sports medicine allows for
enhanced performance and injury prevention [66].
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4.3 Ceramics

* Dental implants: Zirconia has become a material of choice for dental implants due
to its excellent esthetic properties and biocompatibility. The use of zirconia
implants in anterior tooth replacement has been documented for its superior
esthetic outcomes and long-term success [53].

* Bone tissue engineering: Porous bioceramics, such as hydroxyapatite and tricalcium
phosphate, are used in bone grafting procedures to support bone regeneration
and healing. These materials provide a scaffold for bone ingrowth, as evidenced
by their application in the repair of critical-size bone defects [67].

4.4 Polymers

* Drug delivery: Biodegradable polymers like PLGA (poly(lactic-co-glycolic acid))
are used in the development of controlled drug delivery systems, enabling
targeted therapy with minimal side effects. The use of PLGA nanoparticles for
the delivery of cancer therapeutics has shown promising results in reducing
tumor growth [68].

* Tissue engineering: Polyethylene glycol (PEG)-based hydrogels are widely used in
tissue engineering as scaffolds for cell culture and tissue regeneration. Their
application in the development of engineered skin tissue for burn victims has
demonstrated significant advances in wound healing and skin restoration [69].

Figure 3 provides a visual representation of various notable applications in medi-
cine where biomaterials are utilized.

Biomaterials include a wide range of materials other than metals because of the
many requirements and applications in medicine. Based on their specific qualities and

Biomaterials Applications

Hearing implants Dental implants

Cardiovascular implants Pacemakers

Artificial blood vessels Bone cements

Figure 3.
Various representative applications in medicine.
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features, each class of biomaterials has advantages of its own. These biomaterials,
which include composites, ceramics, and polymers, were created expressly to address
the demands of various medical applications. They offer specialized answers for issues
including mechanical strength, biocompatibility, flexibility, and controlled release,
advancing medical therapies and improving patient care across a range of medical
specializations. As a result, these non-metallic biomaterials continue to be essential for
increasing the scope of medical interventions and raising the standard of care in
general.

5. Characteristics and tissue interaction factors

The design and selection of biomaterials are contingent upon the specific medical
application at hand. In order to excel in the biomedical field over an extended period
without eliciting immune rejection (as illustrated in Figure 4), biomaterials must
possess distinctive characteristics. These characteristics, which contribute to their
efficacy, include biocompatibility, appropriate mechanical properties, suitable physi-
cal and chemical properties, adequate wear resistance, corrosion resistance, and the
ability to promote osseointegration [70]. By fulfilling these criteria, biomaterials can
meet the demanding requirements of diverse medical applications, ensuring compat-
ibility with the human body, longevity of performance, and successful integration into
the physiological environment.

There are two relative quantitative aspects that distinguish the interactions of bio-
materials with the biological environment and create the need for independent study
of host and material responses:

1. Specific requirements — the biological environment, especially the internal
environment of living systems, is very aggressive; it is an environment with

Physical
properties

Necessary
properties of
biomaterials

Mechanical
properties

Biological

characteristics

Chemical
properties

Figure 4.
Schematic demonstration of biomaterial design requirements.
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intense and complex chemical activity combined with a wide spectrum, variable
depending on some combined mechanical stresses.

2.Stable conditions — despite the aggressive aspects, the biological environment
presents an extraordinary constant of both the physical conditions and the
composition. There are complex control systems that ensure this constant.
Therefore, deviations from the stable conditions due to the presence of the
material can cause corresponding responses [71].

The aggressive aspects of the biological environment can be understood if we
examine the differences between the internal and external conditions of living sys-
tems.

Regardless of the views on the development and origin of biological systems,
everyone is impressed by their complexity. They perform their functions by acciden-
tally excluding materials that are not needed, or that harm their function in individual
processes. Rejection phenomena occur that act to exclude all materials that are toxic or
not part of the body. Moreover, the system interacts both locally and regionally or
globally. Therefore, a constant aspect of the biological environment is that the intro-
duction of a foreign material will cause a host response, which may have local or
systemic consequences [72].

Defining the precise biological environment in which a device or material fulfills a
specific function is a challenging task. This challenge stems from the limited under-
standing of the intricate in vivo conditions and the local variations that can arise
during the complex processes involved in maintaining homeostasis, which are essen-
tial for sustaining life. The intricate nature of biological systems and the dynamic
interplay of various factors make it difficult to comprehensively characterize and
predict the exact conditions under which a device or material operates within the
body. This highlights the need for ongoing research and a deepening understanding of
the complex biological processes to enhance our knowledge and enable more accurate
assessments of the performance and functionality of biomedical devices and materials.

Also, there is some ambiguity in defining the region at the interface where the
biological environment couples with a material. Implants in isolated body regions can
interact with the rest of the system through ion and fluid diffusion, blood circulation,
and lymph drainage. Even defining the absolute volume of material communicating
with an implant can be difficult. The materials must be tested in vitro before implan-
tation even in animals. It is desirable to try to obtain in the laboratory the operational
environment that the material will encounter after implantation [73].

In the case of in vivo testing, this is done only under controlled physiological and
biophysiological conditions. The biological environment is generally regarded as the
sum of the conditions that an implanted material will encounter chronically or
acutely, if it is the combination of biological and pericellular conditions. The combi-
nation of these extrinsic and intrinsic effects of the environment with the global
requirements of the patient during the period proposed for implantation is called the
life history of the implant, meaning the totality of the requirements that the biomate-
rial must meet in order to be successful in the application [74].

The thermal, mechanical, chemical, and surface parameters are sufficient to gen-
erally describe the biological environment that the implant encounters. The values
differ slightly from patient to patient; the differences that exist have little influence on
the response of the host and the material. It is a shame that the technology for
determining implant functionality and biomaterial-biological environment
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interactions is poorly developed compared to that available to biological scientists who
study organs in situ.

Within a specific application, the selection of materials and the design of the
elements that incorporate them are called “appropriate expectations.” This term does
not take into account the changes that occur in the patient’s life after implantation, but
it does guide the selection of technologies before implantation. Better said, we try to
design the most durable biomaterials and the best surfaces to meet the requirements.

When performing the tests necessary to assess the interactions at the biomaterial-
tissue interface, the objective and subjective factors that can influence the response of
the tissue, but also that of the biomaterial, are taken into account in order to be able to
make a correct interpretation of the results, depending on the material factors and
specifically, those related to the surface [75].

In general, there are two intermediate processes common to all implantation
applications. First, the implant can be contaminated accidentally or as a result of
manufacturing or handling processes during storage or insertion. It is usually assumed
that the surface of the implant is pure and clean. The truth can be totally different.
Organic elements from manufacturing or improper handling may persist. Oxidation
or other harmful elements can occur during the preoperative stages, materials can be
lifted from the packaging used to store them, and pathogens can be transferred from
surgical instruments.

For this reason, experimental studies on biomaterial-tissue interaction should
include surface characteristics of actual implant samples, selected from a batch
manufactured for a particular study, under conditions prior to surgical insertion [76].

Second, all implants must be sterilized before use. Some of them may be supplied
by the manufacturer in sterile double-wrap packages, while others must be sterilized
in a laboratory or hospital before use. Skipping the sterilization process can affect both
host and material responses. Sterilization of an implant may render it sterile but not
risk-free, thus altering the host’s response. Therefore, in examining the response of the
material or the host to the implant, it is necessary to pay more attention to the
conditions of surface preparation.

The outcome of an implant replacement is heavily influenced by the interaction
between the synthetic material and the surrounding tissue, leading to a diverse range
of effects. Implants that come into contact with blood typically require a
hemocompatible behavior characterized by minimal interaction to ensure compatibil-
ity. In contrast, osseointegrated implants necessitate a strong interaction to achieve
high adhesion forces. The process of osseointegration can be influenced by multiple
factors, including the surface structure, topography, and composition of the implant
material. These aspects play a critical role in facilitating a successful integration with
the bone tissue, highlighting the significance of carefully designing implant surfaces to
optimize the desired level of interaction and promote favorable outcomes [74].

Many significant factors that individually play a significant role in the effective-
ness of implantation influence the direct interaction between tissue and biomaterials.
The macrostructure and microstructure of the implant, the surgical implantation
technique, the initial tissue-implant contact, the loading conditions on the implant,
and the implantation support are some of these aspects. Also included are the bio-
compatibility of the chosen material. A major obstacle to the placement and operation
of metal implants is achieving a sustainable anchoring of the implant in the tissue.

One approach to address tissue anchoring is the use of structured surfaces that
promote cell growth, such as porous surfaces. Implants with sandblasted or spherical
particle coatings facilitate tissue contact and growth within the interstices of the
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implant. Another method to enhance surface structure involves creating controlled
microstructures with a roughness on the order of a few micrometers. Studies have
shown that the superficial layer structure of a metal implant should allow for second-
ary fixation through the penetration of bone trabeculae into the microcavities of the
surface. This surface topography resembles resorbed bone surfaces, which have been
utilized as anchor points for newly formed bone. Hence, implant surfaces mimicking
the bone structure after resorption are expected to achieve better long-term fixation
and stability.

The principle of direct tissue-implant contact requires rigid mechanical fixation, as
a soft tissue layer can induce micromovements at the interface. Micromovements can
lead to undesirable reactions such as the destruction of the implant’s oxide layer,
corrosion, and implant rejection. Rough implants with larger surface areas in contact
with tissue are also more susceptible to corrosion processes. Additionally, rigidly fixed
metal implants with specific geometries can cause shielding and subsequent bone
resorption. These issues highlight the importance of surface preparation, including
implant geometry and the arrangement and amplitude of surface elevations and
depressions [76].

The surface structure of an implant significantly influences both its fixation and
the adhesion force to the surrounding tissue. A soft implant surface with a smaller
contact area exhibits lower adhesion force compared to a structured surface. Studies
investigating the importance of roughness have demonstrated that increasing rough-
ness enhances adhesion force. Moreover, resistance to breakage increases with greater
contact area achieved by introducing holes in flattened cylinders. Adhesion force is
also influenced by the duration of implantation, as bone requires time to fill the free
space between the implant and surface cavities, leading to mechanical relaxation of
the implant.

Beyond the beneficial effects on implant fixation, surface structuring provides
advantages in terms of stimulating bone formation. Compressive stress on growing
bone generates calcium production, promoting bone growth. This phenomenon
becomes more pronounced as charge transfer improves through enhanced surface
topography [73].

The biological environment within the human body is chemically, mechanically,
and electrically active. The interface between biomaterials and tissue serves as a site
for numerous biochemical and biodynamic processes and reactions. Oxygen diffuses
from the oxidized surface into the base metal, while metal ions can diffuse onto
the surface. Interactions between biological molecules and the implant surface can
induce transient or permanent changes in their conformation, resulting in functional
alterations.

Understanding and manipulating these complex interactions within the biological
environment is critical for optimizing the design and performance of biomaterials in
medical applications.

6. Future trends in biomaterials applications

The demand for novel solutions in healthcare and medicine is propelling the rapid
advancement of the biomaterials industry. Biomaterials are anticipated to display
sophisticated functions in the upcoming years beyond their current uses. These mate-
rials will be created with characteristics including self-healing, stimulus responsive-
ness, and controlled medication release, allowing for customized and focused
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therapeutic results. The creation of bioactive and bioresorbable materials will also
alter the industry since they work with the body’s natural mechanisms to encourage
tissue regeneration, degrade over time, or be replaced by fresh tissue.

The emergence of technologies like 3D printing and additive manufacturing will
revolutionize the production of biomaterials. These techniques enable precise control
over material composition, structure, and geometry, allowing for patient-specific
implants, tissue scaffolds, and drug delivery systems. Nanotechnology will also
play a significant role, offering unique properties through nanostructured materials
such as increased surface area, enhanced mechanical strength, and improved
biocompatibility [61].

Biomimetic materials, inspired by nature, will gain prominence in future biomate-
rials applications. By mimicking the structure and function of natural tissues and
organs, these materials enhance biocompatibility and improve integration with the
host environment. Furthermore, the combination of biomaterials with other thera-
peutic approaches such as gene therapy, stem cell therapy, and immunotherapy will
lead to innovative treatment strategies and tissue regeneration techniques.

Sustainability and environmental impact will also be important considerations in
the future of biomaterials. There will be a shift toward developing biodegradable and
environmentally sustainable materials to reduce the long-term ecological footprint of
medical devices and promote the use of eco-friendly alternatives.

Additionally, the integration of smart features and sensors into biomaterials will
enable real-time monitoring and response to physiological changes. This opens up
opportunities for early disease detection, personalized diagnostics, and continuous
health monitoring, revolutionizing patient care and management.

As we delve into the exciting realm of biomaterials and their ever-expanding
applications, it is essential to address a multitude of evolving factors that are shaping
the future of this field. From the innovative potential of nanotechnology in drug
delivery to the transformative influence of surface engineering, additive manufactur-
ing, and the integration of Industry 4.0/5.0 and Society 5.0, the landscape of bio-
materials is undergoing a profound metamorphosis. Moreover, we explore the
pivotal role of digitization, personalization, and the ecological considerations that are
becoming increasingly indispensable in the development of medical devices and
implants:

* Nanotechnology’s role in drug delivery: In the dynamic landscape of biomaterials,
nanotechnology has emerged as a game-changer, particularly in the realm of drug
delivery systems. Nanoparticles and nanocarriers hold the potential to
revolutionize how medicines are administered, enhancing precision and efficacy.

* Surface engineering and additive manufacturing: Innovations in surface engineering
and additive manufacturing techniques have brought exciting possibilities to
biomaterials. These advancements allow for the fine-tuning of material
properties at the surface level and the creation of intricate structures, paving the
way for more customized medical devices and implants.

* Integration of Industry 4.0/5.0 and Society 5.0: An integral part of envisioning the
future of biomaterials involves their synergy with the concepts of Industry 4.0
and 5.0, as well as Society 5.0. These paradigms usher in a new era of
interconnectedness and intelligent manufacturing, where biomaterials play a
central role in the development of smart medical devices and treatments.
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* Digital transformation and personalization: As we move forward, the digitization
and personalization of medical devices, including biomaterial-based implants, are
becoming indispensable. Tailoring medical solutions to individual patients’ needs
not only improves treatment outcomes but also minimizes risks and enhances
patient satisfaction.

* Environmental considerations: While the focus on patient safety remains
paramount, the ecological footprint of biomaterial production should not be
overlooked. Inadequate material choices can harm the environment on a larger
scale, affecting countless lives. Therefore, sustainability and adherence to
ecological requirements are increasingly vital aspects of biomaterial
development.

Together, these trends herald a new era in biomaterials science, with far-reaching
implications for healthcare and environmental sustainability.

In conclusion, the future of biomaterials applications is filled with exciting possi-
bilities. Advanced functionalities, bioactive materials, 3D printing, nanotechnology,
biomimetics, combination therapies, sustainable materials, and smart integration are
key trends that will shape the field. These advancements hold great promise for
revolutionizing healthcare, enabling personalized treatments, improved patient out-
comes, and a brighter future in medical innovation.

7. Conclusion

The chapter on trends in biomaterials applications has shed light on the remarkable
advancements and challenges within the field. Biomaterials have proven to be indis-
pensable in various medical applications, offering numerous advantages while also
presenting certain limitations. Understanding these trends, advantages, and limita-
tions is significant for researchers, scientists, and healthcare professionals to navigate
the ever-evolving landscape of biomaterials.

Furthermore, it is imperative to underscore the critical role of considering allergic
reactions in biomedical applications. Careful selection of biomaterials for medical
devices should not only account for their mechanical properties but also factor in the
potential for allergic responses. This involves a comprehensive understanding of the
social, health, and regulatory implications associated with specific materials, such as
nickel-containing alloys. In fact, in response to health concerns related to allergic
reactions, certain regions, notably the European Union, have enacted stringent regu-
lations leading to the removal of particular materials from biomedical applications.

The advantages of biomaterials, such as metals and alloys, composites, ceramics,
and polymers, have been highlighted throughout the chapter. These materials offer
unique properties that make them suitable for specific applications. Their mechanical
strength, corrosion resistance, biocompatibility, and tailorable properties have played
a vital role in the success of implantable devices, orthopedic applications, and tissue
engineering.

However, it is equally important to recognize the limitations associated with bio-
materials. Factors such as density, wear and corrosion, allergenic reactions,
manufacturing complexity, and anisotropy must be considered when designing and
selecting biomaterials for medical applications. Addressing these limitations requires
continuous research, innovation, and collaboration across disciplines.
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The future of biomaterials applications holds tremendous promise. Advancements
in biomaterials will continue to drive the development of innovative medical devices,
regenerative therapies, and personalized medicine. The integration of advanced func-
tionalities, such as self-healing, stimuli-responsiveness, and controlled drug release,
will revolutionize treatment approaches and improve patient outcomes.

Technological advancements, including 3D printing, nanotechnology, and smart
materials, will reshape the manufacturing processes and capabilities of biomaterials.
These technologies enable the production of patient-specific implants, nanostructured
materials, and real-time monitoring systems, leading to personalized diagnostics,
tailored therapies, and enhanced healthcare delivery.

Sustainability and environmental considerations are increasingly important in bio-
materials research. The development of biodegradable and eco-friendly materials will
contribute to reducing the ecological impact of medical devices and aligning
healthcare practices with environmental stewardship.

We can conclude that biomaterials are materials engineered to interact with bio-
logical systems for medical purposes. These uses highlight the important role that
biomaterials play in advancing medical research, better patient outcomes, and
improving the quality of life for people with a range of medical illnesses. Future
research promises even more advancements as it explores novel biomaterials and
inventive medical applications.

In conclusion, understanding the trends, advantages, and limitations of biomate-
rials applications is essential for advancing the field and improving patient care. By
leveraging the strengths of biomaterials while addressing their limitations, researchers
and healthcare professionals can harness the full potential of these materials to shape
the future of medicine, enabling breakthroughs in diagnostics, treatments, and patient
well-being. Continued collaboration, research, and innovation will drive the evolution
of biomaterials and pave the way for a new era in healthcare.
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Mg-Li-Based Alloys as Implant
Materials

Chiamaka Okafor and Norman Munroe

Abstract

This chapter is aimed at discussing the prospect of using novel
magnesium-lithium-based alloys for temporary implantation. It discusses the
challenges of implant materials and focuses on the design, characterization, and
assessment of Mg-Li-Zn-Ca alloys. Biodegradable magnesium alloys have recently
been the material of choice for the manufacture of implantable medical devices
because they proffer efficacious solutions to temporary implantation. Magnesium-
lithium-based alloys are a unique system of alloys that offer enhanced ductility and
uniform degradation. The increase of lithium in the quaternary Mg-Li-Zn-Ca system
resulted in phase transformation of the hcp crystal structure of magnesium to bec,
thus improving ductility. Lithium promoted the formation of a solid solution and
a compact surface oxide that decreased corrosion kinetics in biological media. The
alloys exhibited good biocompatibility, as evidenced by cell viability and metabolic
activity when exposed to solutions retrieved from immersion tests. Furthermore, the
improvement in mechanical properties and degradation properties of these alloys
relative to other magnesium-based alloys provide an opportunity for wider adoption
in the biomedical field.

Keywords: magnesium-lithium, biodegradable alloys, metallic implants, phase
transformation, corrosion, biocompatibility

1. Introduction

In the last two decades, there has been a paradigm shift aimed at developing bioma-
terials for temporary implant applications such as screws and vascular stents. This is
because it is not beneficial for metallic materials that have finished serving their purpose
to remain in the body permanently. Complications associated with the use of permanent
implants for temporary treatments include extractive surgeries, thrombosis, extended
use of antiplatelet drugs, and blood thinners. In addition, there are pediatric cases where
children are deemed unfit for permanent implant placement. Bioresorbable alloys are
required to manage orthopedic, cardiovascular, and neural diseases.

Historically, metals and other materials have been used to repair the human body,
dating back several millennia [1]. Until the mid-nineteenth century, copper and
bronze were suitable implantation materials, but poisoning from copper ion leaching
was a concern [2]. In 1880, Gluck, used ivory prosthesis as implants in the body, and
in 1902, gold was used as the interphase between the articular heads of the implant.
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Aspect Description

Resorption Mechanical integrity 3 to 6 months
Full dissolution within 1 to 2 years

Biocompatibility Non-toxic, no inflammatory tissue response
No harmful release and/or residue of particles

Mechanical Properties Tensile yield stress TYS > 200 MPa
Ultimate strength UTS > 300 MPa
Tensile elongation >15-18%

Microstructure Maximum grain size of 10-12.5 ym

Hydrogen Evolution Evolution <10 pL H? cm™ daly"1

Corrosion Rate Corrosion rate < 0.2 mm/year
Table 1.

Design parameter for biodegradable magnesium stent [5-7].

This experiment proved to be successful, which led to further studies on chemically
inert and stable materials [3].

Biodegradable materials dissolve within the human body after serving therapeutic
functions, and the healing process is complete. A bioresorbable vascular stent, for
instance, should be able to provide the required mechanical strength for restructuring
a diseased artery over a specified period and subsequently be gradually resorbed by
the body after its function is completed. Bioresorbable materials should be biocom-
patible, functional, durable, and safe before being considered for implantation. These
characteristics determine the type of material that should be used for specific applica-
tions. For example, metallic materials, when compared to polymeric materials, have
better desirable mechanical properties and are radiopaque [4], thus making imaging
easier. Table 1 highlights the essential properties of magnesium alloys used for the
manufacture of stents.

Magnesium is a good fit for biological implants because the human body can
innocuously process a relatively high level of magnesium content. Magnesium
serves multiple biological functions within the body, such as regulating muscles,
heart rhythm, cholesterol production, and blood pressure. Moreover, more than
300 enzyme processes within the body require magnesium [8], and it has a recom-
mended daily average intake of 310-420 mg [9] compared to zinc (8-40 mg/day)
and iron (5-27 mg/day) [10]. However, the greatest challenge facing the adoption of
magnesium-based alloy in the medical industry is the need for controlled and uniform
degradation, as well as sustained mechanical integrity [11]. The degradation issues
arise from the inherent vigorous electrochemical reactivity of Mg alloys. Magnesium is
found to react spontaneously in aqueous solutions because of the ease of transfer of its
electrons. Research efforts have considered the use of various alloying elements, heat
treatments, and metallurgical processing techniques, such as extrusion, to alter their
microstructure, which ultimately impacts degradation and mechanical properties.

The global bioimplant market size is currently estimated at over $260 billion,
with increasing demand for minimally invasive surgeries, chronic disorders, bone
degeneration, and a rising aging population as driving forces [12-14]. Orthopedic
and cardiovascular implants account for ~50% of the market share by type, whereas
metallic implants have the largest share by materials, as shown in Figure 1 [13, 15].
The regional outlook puts North America ahead of Europe and Asia as having the
highest market share, with Asia having the fastest-growing market.
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Figure 1.
Bioimplants market share by (a) type of implant, (b) implant material, and (c) vegion [13-15].

The metallic and medical alloy industry is mostly dominated by permanent
implants such as titanium, cobalt chromium, and stainless steel. However, emerging
biodegradable materials like Mg-based alloys compete with orthopedic implants and
cardiovascular stents. They serve as improved substitutes for previously used biode-
gradable polymeric devices due to their load-bearing capacity [16]. Other biodegrad-
able metallic materials such as Zn- and Fe-based alloys have not been as successful
as their Mg counterpart in application. Mg alloys are currently being developed for
various biomedical applications and degrade at different rates to match specific needs.

2. Microstructural and mechanical properties

Magnesium has a hexagonal closed pack (hcp) crystal structure, which is beneficial
for strength but detrimental to ductility. This is because an hep crystal structure does
not possess enough independent slip systems required for dislocation movement
and uniform deformation. Introducing other alloying elements into magnesium can
alter its texture and improve mechanical behavior. Several magnesium-based alloys
with biodegradable and biocompatible alloying elements have been investigated for
biomedical applications. Most of the studies are focused on improving mechanical
performance and combating high initial degradation rates, localized degradation, and
hydrogen evolution. For instance, addition of rare earth (RE) metals or manganese
(Mn) improves strength, zirconia (Zr) provides grain refinement and increases
corrosion resistance, zinc (Zn) also increases corrosion resistance and strength,
whereas calcium (Ca) reduces oxidation and allow for easy rollability. Lithium (Li) is
one element that stands out because it transforms the hcp crystal structure of mag-
nesium to a body-centered cubic (bcc), thereby increasing the ductility of the alloy
and, in some cases, making it superplastic. In addition, Li also provides very good
corrosion resistance by developing a uniform oxide surface coating. Figure 2 shows a
plot of the ultimate tensile strength and elongation of some researched Mg-Li-based
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Figure 2.
Ultimate tensile strength vs. elongation for select Mg-Li-based alloys.

alloys. Careful introduction of metallic elements, both the choice of elements and the
alloying percentages, in a fashion that will enhance both mechanical and degradation
performance is of optimum importance.

When lithium is added to magnesium, it forms a solid solution of a-Mg up to
~5.3 wt.% Li, after which dual phase a-Mg and B-Li coexist in equilibrium up to
10.7 wt.% Li. Further increase in Li content results in phase transformation into a
single B-Li phase, as shown in the Mg-Li binary phase diagram of Figure 3. These
changes in crystal structure yield corresponding improvements in room temperature
ductility but can negatively impact mechanical strength.

2.1 Crystalline phases and phase transformations

The crystalline phases present in an alloy makeup its microstructure; they
determine crystal structures, textures, and deformation behavior. In addition,
phase transformations such as those induced by the addition of Li to Mg also impact
the mechanical and corrosion properties of the alloy. In a study of Mg-xLi-1Zn-
0.5Ca (x = 0, 4, 8, 11) cast alloys [18], x-ray diffractograms shown in Figure 4
revealed that the predominant peaks for alloys with 0 and 4 wt.% Li (LO and L4)
were those of magnesium. Minor diffraction peaks of Mg,Ca and Ca,MgeZn; phases
were also detected. For the alloy with 8 wt.% Li (L8), peaks of both magnesium and
lithium phases, as well as the secondary Mg,Ca phase, were detected, whereas the
alloy with 11 wt.% Li (L11) displayed a predominant lithium phase with a second-
ary Mg,Ca phase. The primary crystalline phase of both alloys LO and L4 had the
hep structure; that of L8 had a combination of hcp and bec while L11 had only bec.
The primary crystalline phases of these alloys agree with those of the Mg-Li binary
phase diagram.
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Figure 4.
X-ray diffractograms of Mg-xLi-1Zn-0.5Ca alloys.

2.2 Strength and ductility

Strength and ductility are two fundamental properties that are assessed for
biomedical alloys. A tensile or compressive test can be used to determine the yield
and ultimate strengths, and elongation of alloys. Mechanical property requirements
may vary for specific implant applications, but alloys are usually expected to have a
minimum strength and ductility to enable easy processing and fabrication of devices.
Other mechanical tests that could be assessed include hardness, strain hardening,
fatigue strength, and wear resistance.
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Figure 5.
Stress—strain curves and tensile parameters of Mg-xLi-1Zn-0.5Ca alloys.

Tensile test data shown in Figure 5 shows how Li content affects the strength and
ductility of alloys, as reported in Section 2.1. Increasing the Li content progressively
increases the ductility of the alloy across the three phases, but the strength is maximum
in the dual phases. Although strength can be attributed to several factors such as grain
size, presence, and distribution of secondary phases, here, the alloying content and
proportion of both the a-Mg and p-Li phases also play a role. Several thermomechanical
techniques such as extrusion, equal channel angular pressing (ECAP), and friction stir
process (FSP) improve the strength and ductility of Mg alloys, but Mg-Li alloys tend to
possess very good elastic and superplasticity, especially in the duplex phase [19].

The mechanical properties of biodegradable implants can be tuned by alloying,
thermomechanical processing, surface modification, polymer coating, and other such
treatments. The initial mechanical properties should account for the effect of biodeg-
radation, such that the implant devices are able to provide the required mechanical
support throughout the healing time.
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Figure 6.
Stress—strain curve of Mg-8Li-1Zn-0.5Ca (L8) and Mg-11Li-1Zn-0.5Ca (L11) before and after accelerated
durability tests.
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Figure 6 demonstrates the changes in mechanical strength with degradation
time for the L8 and L11 alloys. Specimens of these alloys were subject to accelerated
durability tests in saline solution via pulsatile loading with the average regular human
heart rate of 72 beats per minute (bpm) for a specified time. The average stress-strain
plots after compression tests revealed a higher maximum stress of ~228 MPa for the
L8 alloy compared to the L11 alloy (~158 MPa) before durability testing. In contrast,
the L11 possessed a higher maximum strength of ~79 MPa compared to L8 (57 MPa)
after pulsatile loading. This represents about 50% and 75% loss in strength for alloys
of L8 and L11, respectively, after about 3 months implantation period.

3. Electrochemical behavior

Generally, corrosion is unwanted in engineering and science applications.
However, in the case of biodegradable implants, controlled degradation can revo-
lutionize biomedical implantation. The biodegradation of materials refers to the
gradual removal and atomic disintegration of materials in a biological environment.
This process is characterized by electrochemical reactions and can be studied by the
corrosion processes of metals. Corrosion normally occurs at a rate determined by
equilibrium between opposing electrochemical reactions. An anodic reaction occurs
when the metal is oxidized, releasing electrons into the metal. A cathodic reaction is
in which a solution species (often O, or H") consumes the electrons released from the
metal. When these two reactions are in equilibrium, the flow of electrons from each
reaction is balanced, and no net electron flow (electrical current) occurs. The two
reactions can take place on one metal or on two dissimilar metals (or metal sites) that
are electrically connected.

The composition and strength of the electrolyte or environment in which the
material is housed plays an important role in its degradation behavior. Degradation
behavior can be assessed in vivo, where the material under test is implanted within
a living organism, or iz vitro, where the materials are tested in simulated biological
conditions. Iz vivo testing provides more accurate conditions for assessing implant
materials but does not allow the variation of single parameters within the study.

Mg alloys degrade in aqueous environment to produce Mg hydroxide (Mg(OH),)
and hydrogen gas (H,) with an overall electrochemical reaction shown in Eq. (1).
When chloride concentration rises above 30 mmol/l, Mg hydroxide starts to convert
into highly soluble Mg chloride [20]. Low hydrogen over potential enables hydrogen
evolution and galvanic corrosion, especially when secondary phases are present. It
is important to note that although precipitation strengthening and grain refinement
improve strength and ductility, care should be taken to prevent localized degradation
resulting from galvanic pairs:

Mg +2H,0 — Mg(OH), + H, 1)

Implant degradation is dependent on several factors such as material composition,
device geometry, and environment. The rate of electrochemical reaction and formation
and stability of oxide films also depend on reduction and oxidation reactions, time of
exposure, and temperature. The corrosive environment of the human body is depen-
dent on the composition of blood and other body fluids, as well as the body tempera-
ture. Furthermore, the effect of protein adsorption depends on metal/biomolecule
combinations and can promote or reduce degradation rates for different cases [21].
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3.1 Factors affecting corrosion behavior

The most important requirement of a biodegradable implant is — its degradation
properties in a specific biological environment, which are influenced by various
intrinsic and extrinsic factors. Intrinsic factors include chemical composition, micro-
structure, surface energy, wettability, thickness, and stability of the passivating oxide
film. Extrinsic factors include temperature, pH, dissolved oxygen content, amino
acids, biomolecules, and chloride ions in the surrounding environment [22]. Tissue
fluids within the human body present a very corrosive environment for implant
devices. In addition to inorganic species in body fluid, different types of biomolecules
and cells may attach to the implant surface and affect its surface chemistry. The
regeneration of a passivating oxide film is delayed since the concentration of dis-
solved oxygen in body fluids is approximately one-fourth of that in air. Additionally,
the concentration of Cl ions in serum and interstitial fluid is 113 and 117 mEq/L,
respectively [22]. CI” ions induce pitting corrosion at sites where the passive film
is broken. This is followed by the propagation of the pit, at a rate that occasionally
increases with time, because of the increasing acidity inside the pit.

3.1.1 Corrosion kinetics

Electrochemical reactions have been identified to proceed in a linear, parabolic, or
logarithmic fashion [2]. The parabolic rate law is attributed to the diffusion of solvent
ions through a porous film produced during the corrosion reaction, thus retarding its
rate. The rate-determining step is diffusion through a passivating film; thickness of
film increases in proportion to the extent of corrosion. For linear oxidation, the rate
of oxidation or corrosion generally depends on the pore volume and the “tortuosity”
of the pores as well as the film thickness. This is because highly porous, poorly adher-
ent, and fractured non-protective oxide layers do not retard ionic diffusion and the
rate of corrosion.

3.1.2 Oxide formation and pilling-Bedworth ratio

Electrochemical redox reactions involve the transfer of electrons and change
in oxidation states of elements present within the alloy. Oxide formation is con-
strained by reaction thermodynamics with a driving force given by the potential
difference of redox half-reactions. Oxides with minimum energy of formation
are preferentially formed, and a lower enthalpy of formation is indicative of
greater chemical stability [23]. However, the effective driving force of metal
oxidation reduces as the oxide grows because of potential distribution [24]. The
Pilling-Bedworth ratio (PBR) is used to describe the volume ratio and stress states
of metals and their oxide films. Generally, a ratio less than 1 is indicative of a thin
oxide coating with tensile stresses, which offers poor protection, and a ratio greater
than 1 indicates the oxides are denser with compressive stresses and offer more
protection. Higher ratios indicate growth in stress, and beyond 2, large compressive
stresses result in cracking and spallation of the oxide film. The PBR of compounds
can be calculated using Eq. (2):

PBR = Moxz‘de X pmetal (2)
nx Mmetal x poxide
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Compound MgO CaO ZnO Li,0 LiOH Mg(OH), MgCO; CaCO;  Li,CO;

PBR 0.80 0.64 1.59 0.57 1.26 1.80 2.04 143 135

Table 2.
Pilling—Bedworth ratios of select compounds.

where M and p are the respective molecular weights and densities, and n is the
number of metal atoms in the oxide molecule (Table 2).

3.2 Electrochemical methods for accessing corrosion behavior

Electrochemical techniques are ideal for the study of corrosion processes because
they provide accelerated corrosion rates as opposed to the conventional weight loss/
gain method that requires an extended period for measurements. In electrochemical
studies, a metal sample of a known surface area is used to model a redox reaction
occurring on the surface of a metal immersed in an electrolyte. The potential between
the metal and a reference electrode is varied using a potentiostat, and the current
flowing through a counter electrode is measured as a function of potential. The corro-
sion rate is governed by Faraday’s law given in Eq. (3):

nFW

i 3

Q=

where Q is the total current (coulombs), n is the number of electrons involved in
the electrochemical reaction, W is the weight of the metal (grams), M is the molecu-
lar weight (grams), and F is the Faraday’s constant (96,485 coulombs/mole).

Accelerated corrosion tests can be used to assess the bio-electrochemical, electro-
physicochemical, and electrochemical degradation of Mg alloys within a specific
environment. Usually, a potentiostat connected to a three-electrode setup with a
standard, counter, and working electrode (the alloy under test) is used to measure the
corrosion rate. Different types of accelerated corrosion tests are available to study the
degradation behavior of bioresorbable alloys such as potentiodynamic polarization,
linear polarization, cyclic voltammetry, and electrochemical impedance spectroscopy.

3.2.1 Potentiodynamic polarization

Potentiodynamic polarization (PP) uses a wide range DC potential to scan the
alloy, causing redox reactions and generating corrosion current. The polarization
curve can be used to determine the corrosion rate of the alloys from the Tafel slope
and according to Faraday’s law in Eq. (4). This technique requires the corrosion
potential to remain the same during the measurement to ensure that the applied
overvoltage is known. When using the open circuit voltage (Eoc) for polarization, it
is imperative to allow sufficient time for the electrochemical double layer to achieve a
steady state so that Eoc is stabilized:

I, xKxEW

0

C.R.= (4)

Axp

where K is a constant, Icorr is the corrosion current, EW is the equivalent weight,
A is the exposed area, and r is the density of the alloy.
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3.2.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) measures the response of the
alloy under test to AC perturbation. In this technique, it is assumed that the following
conditions are met.

1. The response of the system to external excitation can be described by linear dif-
ferential equations.

2.The system is stable and returns to its previous state after the removal of the
external excitation.

3.There is no response before the excitation.
4.The response to excitation has a relationship that is finite.

For an applied signal, Et, which depends on time and frequency, there is a
response signal. According to Ohm’s law, an impedance, Z, can be calculated and
represented in terms of magnitude and phase shift angle. The measured data resulting
from the development of a potential difference between the electric double layer is
modeled to an equivalent electrical circuit.

In EIS, the impedance of the corroding metal (working electrode) due to an
applied sinusoidal potential change (AC voltage) is analyzed as a function of fre-
quency o. At each frequency, the resulting sinusoidal current waveform and the
applied potential are out-of-phase by phase angle (0), whereas the current amplitude
is inversely proportional to the impedance of the interface. The electrochemical
impedance, Z (), is the frequency-dependent proportionality factor in the relation-
ship between the voltage signal and the current response, as given in Eq. (5)

Z(w)=E(w)/i(®). (5)

where E is the voltage signal, E = EO sin (w t); i is the current density, i = i0
sin (0 t + 0); Z is the impedance (ohm/cm?); and tis the time (seconds).

The impedance is a complex number described by the frequency-dependent
modulus, |Z|, and the phase angle, 6, or, otherwise, by the real and imaginary compo-
nents, Z’, and Z"’ [25]. In electrochemical impedance analysis, three different types
of plots are commonly used, including two bode plots, which show impedance and
phase angle against frequency. The third is a Nyquist plot, which shows complex plane
Z'' vs. Z', and the capacitive arc provides an estimate of the corrosion resistance of
the material. The relative diameter of the arc is directly proportional to the charge
transfer resistance or polarization resistance (Rp). Thus, an increase in semicircular
diameter corresponds to an increase in corrosion resistance.

It should be noted that since real electrochemical processes hardly show pure
capacitance, during EIS analysis, the non-ideal response of the corrosion system is
represented by a constant phase element to obtain accurate impedance values. These
are due to geometric distributions, such as surface inhomogeneities and porosity of
the electrode.

Figure 7 shows plots from electrochemical impedance spectroscopy of Mg-xLi-
1Zn-0.5Ca. The Nyquist plot exhibits different capacitive arcs for the different alloys

38



Mg-Li-Based Alloys as Implant Materials
DOI: http://dx.doi.org/10.5772/intechopen.114384

with relative diameters indicative of their corrosion resistance. The polarization
resistance which is clearly seen in the lower frequency region of the impedance bode
plot, demonstrates whether an electrode/alloy is reactive or blocking. Furthermore,
changes observed in the phase angles illustrate the distinct dielectric behavior of each
alloy. In addition to alloy composition, thermomechanical processing plays a major
role in degradation kinetics. For example, FSP of dual-phase Mg-Li-Al-Zn alloys
resulted in a synergetic strength ductility corrosion optimization by a combinatory
contribution of fine grains and nanosized precipitated which inhibited microgalvanic
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Figure7.
Electrochemical impedance plots (a) Nyquist plot, (b) impedance bode plot, and (c) phase angle bode plot of
Mg-xLi-1Zn-0.5Ca alloys.
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corrosion [26]. A study on optimized Mg-Li-Al-Zr-Y extruded alloys [27] showed
decreasing dissolution kinetics as we move from water quenched (WQ) to artificially
aged WQ (WQA) to cold rolled WQA (WQAR), as such optimization is required to
achieve the best candidate alloys decreasing anodic kinetics compared to pure Mg.
The difference in electrochemical response is dependent on the microstructure of

the alloy. As the alloy moves from hcp to hep + bece to fully bee, oxide formation, and
surface film coverage varies. In the single hcp phase, the surface protection is made up
of Mg oxides and hydroxides, which offer poor coverage. However, in the dual phase,
there is a development of more stable Li oxide and carbonate, but in the fully bec
phase, complete coverage is achieved with a uniform thick Li carbonate outer layer.

3.3 Immersion tests for accessing corrosion behavior

Immersion tests require immersing the alloy in physiological medium for a specific
amount of time. This is important because it provides the opportunity to monitor
the degradation process and provide direct observation of the alloy at specific times.
The hydrodynamic condition of the test setup, among other things, influences the
degradation behavior of the alloys. Immersion tests can thus be classified as static,
semi-static, or dynamic. For static immersion, degradation occurs in the same media
for the specified test duration. On the other hand, dynamic immersion involves the
constant flow of the immersion media. Finally, semi-static immersion allows for
periodic changes in immersion media.

Semi-static immersion provides a good balance between the static and dynamic
test setups, good volume-to-area ratios, and immersion time to avoid distortion of test
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Figure 8.
Degradation rates of Mg-xLi-1Zn-0.5Ca alloys after immersion for (a) 8 days, (b) 90 days, (c) FTIR spectra of
degraded alloys, and (d) pH measurements after 90 days.
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conditions. In addition, the periodic media changes mimic fluid changes at implanta-
tion sites and prevent passivation of Mg alloys at elevated pH values. For semi-static
immersion, mass transfer is controlled by migration, diffusion, and a certain degree
of convection generated by hydrogen evolution [28].

The determination of corrosion rate can be achieved by volume loss, mass loss, and
hydrogen evolution. These methods can generate different results due to testing and
measurement limitations such as incomplete removal of corrosion materials during
mass loss calculation. The volume loss method can be used both in vivo and in vitro
while the hydrogen evolution method can be carried out using a eudiometer system
which has to be properly calibrated and well-sealed to avoid the escape of hydrogen
atoms. However, mass and volume loss methods have provided consistent results [29].
Chemical cleaning using reagents such as chromic acid is recommended for corrosion
product removal to attain uniform weight measurement.

Semi-static immersion on Mg-Li-based alloys reported in Section 2.1 for mass loss
after 8 and 90 days is shown in Figure 8. A reduction in degradation rate for L8 and
L11 is recorded with increased immersion time, with L8 and L4 having the lowest
and highest degradation rates, respectively. Scanning electron microscopy micro-
graphs show the post-immersion morphology of the alloys after 8 days in Figure 9.
There is the presence of flakes and multidimensional cracks, and LO exhibited
some islands (Ca,MgeZn; rich region) surrounded by Mg-rich zones. Furthermore,
Mg-rich pits demarcated by the Mg,Ca region were observed. Alloy L4 also displayed
pits with high oxide content on the periphery and showed increased pH indicative of
an accelerated electrochemical reaction (see Figure 8d). The formation of oxides of

100 #gm

Figure 9.
Post-immersion morphology of (a) Mg-1Zn-0.5Ca, (b) Mg-4Li-1Zn-0.5Ca, (c) Mg-8Li-1Zn-0.5Ca, and (d)
Mg-11Li-1Zn-0.5Ca alloys after 8 days.
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MgO, Li,0, and CaO with PBR <1 is responsible for surface cracking resulting from
tensile stresses in the oxide films. This allows the penetration of H,O and CO,, lead-
ing to the formation of more stable hydroxide and carbonate films. Oxides formed
on alloy surfaces can be assessed with tools such as Fourier transform infrared
spectroscopy (FTIR), as shown in Figure 8c. The formation of more stable oxides
reduced degradation kinetics for Mg-Li alloys in the dual and $-Li phases due to the
formation of a passive Li,CO;s film.

A proper electrochemical assessment of biodegradable implant materials cannot
be overemphasized. This is because uncontrolled degradation can lead to pitting,
which alters the microstructural composition and mechanical properties of the alloy.
Furthermore, when electrochemical redox reaction occurs at an accelerated rate, as is
the case with localized degradation, there is a larger amount of ionic dissolution. Such
uncontrolled release may result in tissue overload and cytotoxicity.

4. Biocompatibility

Biocompatibility is fundamental for any type of materials intended for use within
the human body. When devices are implanted either for diagnosis or therapeutic
cases, certain reactions can be generated because of the interaction between the
body and the foreign material. These reactions are dependent on the physiochemical
properties of the implanted device as well as the implantation site. Generally, the
biocompatibility of implant materials is influenced by their surface properties such as
surface morphology, chemical composition, surface charge, corrosion rate, thickness,
and the nature of the passivation layers.

It is important that metallic implants are biocompatible and non-toxic. In addi-
tion, bioresorbable implants also need to degrade in a fashion that does not cause
tissue overload arising from very fast degradation. Biocompatibility analysis can be
conducted in vivo (as in the case of animal studies) or in vitro using cell lines. It is
essential that the implant materials are assessed with cell lines that are related to their
intended implantation sites. Materials developed for applications such as cardiovas-
cular use can be assessed with endothelial cell lines, whereas those for orthopedic use
can be assessed with osteoblast cell lines.

Different types of assessments can be employed for biocompatibility studies.
Commonly used tests include wettability, cytotoxicity, hemocompatibility, and
antibacterial responses.

4.1 Wettability

Wettability is a property which influences material-cellular interaction and can be
determined by contact angle measurements. It involves measuring the angle a drop of
solvent makes with the solid material substrate. Contact angle measurements can be
used to determine hydrophilic or hydrophobic properties, surface adhesion, energy,
and adsorption via several methods such as sessile or pendant drop. The contact angle
differs for various solvents such as water, ethylene glycol, etc., and is dependent on
the surface finish and characteristics of the substrate material. Equilibrium contact
angle, 0, can be determined from Young’s equation:

}/IUCOSHZ}/:U _7/:1 (6)
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where y,, and yj, are the surface energy of the solid and liquid, respectively, and 4
is solid-liquid interfacial energy.

4.2 Cytotoxicity

A cytotoxicity assessment makes it possible to investigate to what extent a foreign
material can coexist with living tissues without causing any toxic effect. Even when
bioresorbable implant materials are designed from non-toxic elements, their biocom-
patibility responses should be assessed as degradation and wear rate can also result in
toxicity [30]. A cytotoxicity analysis involves exposing human cells to a test material
either directly or indirectly to its dissolved constituent ions to ensure that the implant
will not generate high concentrations of ions that can harm surrounding tissues when
implanted.

Figure 10 shows cytotoxicity analysis of Mg-xLi-1Zn-0.5Ca alloys on human
umbilical vein endothelial cells (HUVEC) with different incubation times. There
is increased metabolic activity and cell proliferation with increased incubation
time. Other studies on cytotoxicity analysis for Mg-(3.5, 6.5) Li-(0.5, 2, 4) Zn alloys
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Figure 10.
Cell viability responses of Mg-xLi-1Zn-0.5Ca alloys on HUVEC after (a) 48 hours and (b) 7 days incubation
period.
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conducted on vascular smooth muscle cells (VSMC) and HUVEC [31] showed

that apoptosis was more prevalent in VSMC given the pH and ion concentration of
extracts used for the culture. This shows that significant changes in responses can be
achieved with different cell lines.

4.3 Hemocompatibility

Hemocompatibility can provide insight into interactions that might trigger activa-
tion, secretion, adherence and aggregation of platelets, coagulation, and immunologi-
cal responses when an implant material encounters blood [32, 33]. It plays a major role
in thrombogenicity and is dependent on material’s surface properties. Understanding
blood interactions is important because they eventually lead to the formation of a
thrombus. Thrombosis can be dangerous when a clot forms within a vessel and cuts
off supply, which is a leading clinical complication for stent failure. A hemocompat-
ibility assessment investigates the affinity of blood and its constituents to an implant
material, which can be measured using platelet adhesion analysis.

5. Conclusion

The development of functional and safe bioresorbable Mg alloys will be useful in
the fabrication of temporary implant devices for both orthopedic and cardiovascular
applications.

1.Mg-Li-Zn-Ca alloys, as an example of Mg-Li-based implant material, exhibited
enhanced ductility and strength, which are important mechanical properties
required not only for a medical device’s in-service application but also good
formability that favors ease in manufacturing.

2.The alloys exhibited uniform degradation behavior, which is a very important
property for temporary metallic implants such as cardiovascular stents, plates,
and screws because it mitigates against early loss of mechanical integrity associ-
ated with localized or pitting degradation.

3.Increased cell viability and metabolic activity imply their biocompatibility and

nontoxicity, which will mitigate clinical complications and instill confidence in
the deployment of magnesium-based prostheses.
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Abstract

In the last few decades, material sciences, particularly tissue engineering, have
advanced significantly. Biomaterials, including bioceramics, such as hydroxyapatite
and bioglass, have shown to be quite useful in a variety of biomedical applications.
Naturally produced polymers of protein or carbohydrate origin have also been
employed as scaffolds in tissue engineering for many years. Collagen has been the
most widely researched natural polymer for scaffold creation. Besides, aliphatic
synthetic polymers such as polylactic acid, polyglycolic acid, and polycaprolactone
are effective for scaffold fabrication. The improvements in material science have
led to the procurement of biomaterials from natural sources, then processed using
a variety of techniques, including porogen leaching, gas foaming, phase separation,
fiber meshing, and three-dimensional printing. This generates a variety of three-
dimensional scaffolds with various porosities and surface characteristics. When
compared to the original components, hydroxyapatite composites have been proven
to have superior characteristics. In the field of bone tissue repair and engineering, the
biological performance of composites containing hydroxyapatite and other abundant
natural biopolymers such as chitosan, collagen, gelatin, and cellulose is thoroughly
investigated. This chapter discusses the various hydroxyapatite composite scaffolds
utilized in in vitro and in vivo bone tissue engineering investigations, including their
fabrication techniques.

Keywords: biomaterials, hydroxyapatite, composite scaffolds, tissue engineering,
three-dimensional printing
1. Introduction

Bone deformities frequently demand surgical therapy along with bone grafts.

Autografts provide considerable osteogenic properties and are considered as “gold
standard.” However, donor site morbidity and hematoma have been linked to this
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procedure. Furthermore, with the limited supply of autografts and the risks associ-
ated with allografts, surgeons, and engineers are looking at novel ways to treat bone
deformities. Among all the reported methods, tissue engineering is a multidisciplinary
approach that integrates biological science and engineering concepts to augment or
substitute biological tissues, and it has provided a novel treatment option for bone
deformities. Several factors have critical effects on the process of tissue engineering;
the scaffolds are one of the key factors, which act as substrate and also provide struc-
tural and mechanical support for cell growth. Hydroxyapatite (HA)—one of the main
components of natural bone, has widely been applied as scaffolds in tissue engineering
owing to its bioactivity and osteoconductivity. Based on these features, HA is an excel-
lent choice for orthopedic and dental implants [1]. Up to now, various HA-based mate-
rials (natural and synthetic) have been developed and studied. Nowadays, a variety

of materials and manufacturing methods, including 3D printing, is widely regarded

as a novel alternative to traditional bone grafts for fabricating sophisticated biological
products, such as biological scaffolds, tissues, organs, and customized medical devices,
utilizing biological materials, living cells, and signaling molecules, and the use of
computer-aided design (CAD) modeling to integrate 3D printing into tissue engineer-
ing has substantially improved scaffold production accuracy and repeatability.

In this review, we aim to provide an overview of HA-based materials, their types,
and preparation as well as their applications in bone tissue engineering will also be
introduced. This review may be useful for researchers interested in bone tissue engi-
neering to receive an insight into HA-based materials and then choose the appropriate
material depending on their preferences.

2. Natural sources of hydroxyapatite

Chemically formed HA has long been employed for bone tissue engineering, but
its low durability and stability have limited its utility in the biomedical field. Because
of the disadvantages of chemically and physically manufactured HA, natural bio-
wastes have been used. Researchers have been attempting to find a way to synthesize
HA using natural products. Several studies have shown that natural sources, such as
corals, fish scales, eggshells, fish bones, seaweed, and animal bones, can be used for
the successful preparation of HA [2]. Organic food waste, such as bovine/fish bones,
seashells, and eggshells, may have ideal potential for generating HA, with extremely
high availability, which could improve orthopedic applications. Scaffolds can also be
made by successfully integrating biodegradable polymers (for adaptive degradation
and biocompatibility) and bioceramics (for strength and bioactivity) to improve the
bioactivity of the produced materials. With simple and efficient methods, numer-
ous researchers have demonstrated the potential of transforming food waste into
immensely useful bioceramics. Animal bones, eggshells, fish bones, oyster shells,
and corals have all been used in various synthesis procedures. Additionally, Rocha
et al. demonstrated the hydrothermal conversion of natural aragonite from cuttlefish
bone in HA. HA derived from biological sources retains many of the attributes of
the precursor materials, including chemical composition and pore structure. In this
regard, it contains high calcium content as well as important trace minerals for bone
formation, such as Mg and Na. The use of biowaste is cost-effective and environ-
mentally friendly. Biowaste, such as eggshells, animal bones, and sea shells, has also
shown considerable promise in this direction. The ability to make HA from fish bones
has been established in recent years by simple calcination. This method produces HA
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with a structure and shape that is highly comparable to human bone. Furthermore, all
microorganisms and organic components from the source are eliminated by heating

it to a high temperature. Furthermore, HA derived from natural sources commonly
contains ions such as Mg2+, Na+, Zn2+, and K+. These ions improve the effectiveness
of natural HA by encouraging bone growth and regeneration [3].

3. Fabrication techniques for hydroxyapatite-based composite scaffolds

To create scaffolds with the desired properties, HA-based composites have been
used in combination with other biomaterials, such as polymers or other inorganic
materials. In addition to the “biological” advantages of using such biomaterials, these
decrease the requirement for synthetics (materials derived from fossil fuels) in the
biomedical business, improving ecological impacts all around.

According to the literature, a variety of techniques can be used to manufacture
HA-based composites. Biomimetic mineralization, electrochemical deposition,
lyophilization, electrospinning, self-assembling, and chemical vapor deposition are a
few of these methods [4].

3.13D printing technologies for HA-based nanocomposites

With or without encapsulating cells, the 3D printing process involves the precise
layering of biomaterials. The preparation phase, printing phase, and post-handling
phase make up the majority of the entire process. In the preliminary stage, computer
graphics tools, such as CAD/CAM and biomaterials, are used. Iz vitro transplantation,
animal implantation, and tissue maturation in bioreactors all include the post-
handling procedure. The most popular 3D printing techniques are inkjet printing,
stereolithography (SLA), extrusion printing, and laser printing (Figure 1) [5].

3.1.1 Inkjet-based 3D printing

Inkjet-based 3D printing with additional names such as drop-on-demand inkjet
printing and continuous inkjet uses a nozzle driven by thermal or acoustic forces to
eject liquid droplets onto the substrate. Different inkjet printers generate different
droplets.

Two distinct methods of inkjet-based 3D printing exist continuous inkjet printing
which creates an ongoing stream of liquid drops and drop-on-demand inkjet printing
where individual drops are generated. Thermal and piezoelectric drop-on-demand ink-
jet printing technologies are employed in the drop-on-demand inkjet printing process
to create pressure pulses and enhance droplet production and ejection. A small thin-
film heater is used in the fluid chamber of the thermal drop-on-demand inkjet printing
technique so that the fluid in direct contact with the heater can be heated more easily by
applying a voltage gradient across the heater. Small vapor pockets or bubbles can form
more easily when the fluid is heated continuously above its boiling point. Since there
is no longer any heat transmission from the heater to the fluid, these bubbles quickly
deflate when there is no voltage gradient. Using mechanical actuation, the piezoelectric
drop-on-demand inkjet printing technique creates a pressure pulse. The liquid phase is
used during the inkjet-based 3D printing process in both of the approaches [6].

Strobel et al. [7] generated the porous biphasic calcium phosphate (BCP) scaf-
folds via indirect 3D printing of a powder composed of homogenized 35 wt.% HA,
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Figure 1.
Most popular 3D printing techniques.

35 wt.% TCP, and 30 wt.% of a modified potato starch powder. Starch consolidation
led to considerable porosity. Additionally, growth factor (BMP-2) and osteogenic cells
(primary osteoblasts) were seeded and cultured for a few weeks in a flow bioreactor.
Warnke et al. also printed BCP scaffolds by 3D printing, and the BCP scaffold was
seeded with human osteoblasts [7].

3.1.2 Steveolithography (SLA)-based 3D printing

The “father of 3D printing,” Chuck Hull, invented SLA, which is typically used to cre-
ate polymeric constructs. SLA, where a platform moves the scaffold after each new layer
is built while a photoreactive resin is selectively cured. An ultraviolet (UV) laser beam
is employed in the SLA-based 3D printing method to selectively cure the photopolymer
resin. SLA-based 3D printing provides many benefits over inkjet-based printing, includ-
ing fast speed, high resolution, and consistency. This technique employs a digital mirror
array, usually, either UV light or near-UV blue light (405 nm) is employed.

Woesz et al., utilizing visible light, showed the use of printing systems. They fabri-
cated microporous HA scaffolds using the SLA approach with visible light; the scaffold
had a strut size of 450 m, with designed, fully interconnected macro-porosity. Although
the SLA approach has been used for 3D printing, Le Guéhennec et al. claimed that
the use of SLA for 3D printing of HA composites is constrained by several issues. For
instance, the entrapment of unreacted monomers and residuals and the use of photo-
initiators and radicals may compromise the integrity of the bone matrix synthesis in
addition to elevating the risk of cytotoxicity. Despite these challenges, the incorporation
of HA via SLA has the overall effect of promoting bone regeneration due to the increase
in osteoblast activity on the HA surface [8, 9].

3.1.3 Extrusion-based 3D printing

The principle of extrusion-based 3D printing relies on extruding a viscous material
using an extruder that is steered through a mechanical or electromagnetic actuator to
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create 3D objects According to Derakhshanfar et al., the extrusion-based 3D printing
technique is characterized by different extrusion systems that can be cataloged as
pneumatic pressure, piston, and screw-driven systems. Numerous benefits are avail-
able for extrusion-based 3D printing, including high cell seeding density, rapid print-
ing, and scalability. The printed structures may then be cross-linked utilizing ionic,
photo, and thermal crosslinking methods. This printing technology can also be utilized
to manufacture continuous cylindrical filaments using various types of inks.

Direct ink writing (DIW, also known as robocasting) and fused deposition model-
ing (FDM), in which the raw material is expelled by a nozzle, are the two extrusion-
based methods. The process of FDM is based on heating the material (polymer and
polymer-ceramic composites) before squeezing it out of a nozzle, and by moving the
nozzle, the material is deposited on a substrate, layer-by-layer.

The resulting printed constructs are subsequently heat treated to eliminate the binder
and densify the ceramic. Sun et al. also utilized the DIW technique in applying silk
fibroin ink, filled with HA nanoparticles, to print 3D scaffolds characterized by gradient
pore spacings, ranging from 200 to 750 nm through the DIW technique [10, 11].

3.1.4 Laser-assisted 3D printing

The working principle relies on a pulsed laser beam for deposition of bio-ink,
including cells, onto a substrate to fabricate 3D objects. The component of the printing
system includes a pulsed laser source, a target coated with the substance to be printed
(also known as ribbon), and a receiving substrate. Deckard and Beaman created print-
ing in 1986 at the University of Texas in Austin in the United States. A powerful laser
beam is focused onto the powder bed during SLS printing to selectively and continu-
ously irradiate the surface of the powders, fusing them to produce the 3D construct.
Xia et al. fabricated nano-HA/poly-caprolactone (PCL), using the SLS technology,
such that the porosity (78.54-70.31%) and mechanical strength (1.38-3.17 MPa) of
the printed scaffold could be regulated by variation of the printing parameters. The
printed nano-HA/PCL scaffolds were more bioactive than the PCL scaffolds, accord-
ing to the in vitro data. Compared to HA, BCP is usually challenging to fabricate as a
porous scaffold by SLS printing because of the short sintering time. The sintering abil-
ity of BCP ceramics can be significantly improved via compositing with polymers [12].

3.2 Hydroxyapatite (HA) and HA-based nanocomposites via 3D printing
3.2.1 Hydroxyapatite

The hexagonal crystalline structure of hydroxyapatite (HA), also known as
Cayo(PO4)6(OH),, is what distinguishes it from other minerals and is what gives bone
its mineralized components. Additionally, HA possesses good physicochemical quali-
ties, such as osteoconductivity, bioactivity, resorbability, and delayed decomposition
characteristics. Furthermore, nanometer-sized HA can increase intracellular absorp-
tion and lower cell survival iz vitro.

Due to the lack of bonding and flowability for the printing process, consider-
able study on pure-HA printed materials has not been done, despite the fact that
HA is widely considered for hard tissue regeneration due to its presence in the
native extracellular matrix (ECM) of bone tissue. To print precise HA structures,
various kinds of sacrificial materials and polymers are used as binders during the
3D printing process [13].
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3.2.2 Hydroxyapatite (HA) /polymer-based nanocomposites

The printability of HA constructions can be improved by combining a polymer
with HA nanoparticles. Due to the suitability and compatibility with cellular envi-
ronments, various polymers could be used to fabricate (no matter how complex)
constructs in ambient or relatively mild chemical and environmental conditions
(Table1) [14].

3.2.2.1 HA/collagen nanocomposites

Collagen, fibrin, gelatin, silk, and other high-weight biomacromolecules found
in nature can be employed as bio-ink network precursors. The amino acid sequences
in natural polymers, such as collagen and gelatin, specifically the adhesion ligand
arginine-glycine-aspartic acid (RGD), make them ideal for cell attachment. Collagen
refers to a family of fibrillary proteins with a triple-helix structure of polyproline-II
(PP-II) type. Significantly, collagen type I represents 90% of the collagen pres-
ent in the human body, mainly in the skin, bones, tendons, and organs. The main
structural element of the ECM is type I collagen, which is also frequently employed
as a 3D hydrogel. Collagen/HA (collagen type I) was created by Lin et al. using a
low-temperature robocasting technique. The 3D structure of the printed scaffolds
was remarkable. Iz vivo data show that the printed scaffolds with interconnected
pores might facilitate cell penetration and mineralization and further enhance
bone regeneration after being implanted in a rabbit femoral condyle lesion model.

A homogenous collagen/HA suspension was generated by Montalbano et al. using
rod-like HA nanoparticles combined with type I collagen and an ammonium-based
dispersion agent (Darvan 821-A). This suspension was used as bio-ink for extrusion
3D printing. The obtained collagen/HA bio-ink showed that the shear thinning and
sol-gel transition upon stimulus-physiological conditions and the mesh-like con-
structs could be printed [15].

Hydroxyapatite-based nanocomposites

HA/collagen nanocomposites

Hydroxyapatite (HA)/gelatin nanocomposites

Hydroxyapatite (HA)/silk nanocomposites

Hydroxyapatite (HA)/alginate nanocomposites

Hydroxyapatite (HA)/cellulose nanocomposites

Hydroxyapatite (HA)/chitosan nanocomposites

Hydroxyapatite (HA)/poly (lactic acid)-based nanocomposites

Hydroxyapatite (HA)/poly-caprolactone nanocomposites

Hydroxyapatite (HA)/polymethyl methacrylate nanocomposites

Hydroxyapatite (HA)/polyvinyl alcohol nanocomposites

Hydroxyapatite (HA)/poly (propylene fumarate) nanocomposites

Table 1.
Hydroxyapatite-based nanocomposites.
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3.2.2.2 Hydroxyapatite (HA)/gelatin nanocomposites

Compared to collagen, gelatine presents no cytotoxicity, good cell adhesion, faster
biodegradability, easier preparation, and low cost, thus it can be considered as a suf-
ficient candidate for printing.

Animal tissues from diverse species, including those from pigs, cows, and fish, can be
used to create gelatin polymers with a range of molecular weights and isoelectric points.
The combined use of gelatine and loaded HA presents an ideal microenvironment for
cell adhesion, proliferation, and differentiation toward an osteogenic phenotype, due to
the presence of intrinsically cell adhesive motifs of gelatin. The combined use of gelatin
and HA was demonstrated in the study by Samadikuchaksaraei et al. [15] where an
HA /gelatin scaffold was fabricated using the layer solvent casting in combination with
lamination techniques. The prepared HA/gelatin scaffold could support osteoblasts’
adhesion and growth, and iz vivo results confirm that the scaffold could accelerate col-
lagen content during bone healing. Nosrati et al. fabricated a HA/gelatin scaffold using
a 3D printing method, with reduced graphene oxide (rGO) nanosheets used to reinforce
the printed scaffold. The addition of rGO/HA could result in smaller pores and higher 3D
accuracy of scaffolds. Notably, the gelatin may also be applied in drug release, due to its
induction of degradation and deposition on the apatite layer [16, 17].

3.2.2.3 Hydroxyapatite (HA)/silk nanocomposites

Silk fibroin (SF), a protein fiber generated from Bombyx mori cocoons, has
traditionally been employed as a natural polymer in the production of surgical
sutures. Due to its unique structure, which consists of hydrophobic sheet crystalline
blocks staggered by hydrophilic amorphous acidic spacers, SF possesses outstanding
mechanical properties and good biocompatibility both iz vitro and in vivo [18].

SF has also established a good reputation for bone TE applications due to its
many unique properties, including impressive biocompatibility, strong mechanical
behavior, minimal/non-immunogenicity, biodegradability, and ease of processability.
Furthermore, the silk fibroin scaffolds showed improved anticoagulant activity.
According to Lee JW et al. [19], HA/SF composites can encourage bone repair by
activating signaling pathways linked to cell-biomaterial interactions. The obtained
3D printed scaffolds showed good porosity of 70% with interconnected pores with a
diameter of ~400 m and relatively high compressive strength of over 6 MPa. While
retaining cell adhesion and penetration, the printed scaffolds also showed well iz vitro
biomineralization activity in SBF.

3.2.2.4 Hydroxyapatite (HA)/alginate nanocomposites

The alginate structure is composed of a linear repetition of (1,4)-linked-D-
mannuronic acid (M) and L-guluronic acid (G) units, with 4C1 ring conformation.
Alginate has a strong affinity for di- and tri-valent cations and rapidly forms a gel in
the presence of low concentrations of such ions (Mg2+ being an exception) at a range
of pH values and temperatures. Alginate is also a polysaccharide that is negatively
charged and works well as a scaffold for cell growth. Alginate can be modified by
adding functional groups (such as heparin) that can bind to and immobilize various
growth factors. These changes allow the growth factors to be micropatterned in three
dimensions. Several studies have also indicated that HA/alginate nanocomposites are
suitable for TE, with enhanced bioactivity [20].
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Pre-crosslinking the HA/alginate nanocomposite with D-gluconic acid lactone
improved the mechanical characteristics of the printed HA/alginate scaffold (GDL).
To ensure continuous drug release, curcumin, an anti-inflammatory medicine, might
be added to the printed scaffold during printing. According to in vitro experiments,
the mouse bone mesenchymal stem cells (mBMSCs) may have adhered to the porous
HA /alginate scaffolds. Curcumin, an anti-inflammatory medication, could be placed
onto the printed scaffold during printing to achieve sustained drug release. The
mouse bone mesenchymal stem cells (mBMSCs) may have attached to the porous HA/
alginate scaffolds, according to in vitro studies [21].

3.2.2.5 Hydroxyapatite (HA) /cellulose nanocomposites

The most prevalent naturally occurring polymeric material in nature is cellulose,
which is a well-known fact. Cellulose is used in TE because of its great biocompat-
ibility, particular protein-binding locations, and remarkable mechanical strength.
The high density of reactive hydroxyl groups on cellulose fiber can also aid in the
immobilization of cell adhesion proteins like fibronectin on the surface of cellulose.
Biocompatible cellulose fiber can be used to create a variety of scaffolds. Liu H et al.
[22] fabricated HA/bacterial cellulose nanocomposites by inkjet 3D printing, which
could be applied in bone engineering. Favi et al. [23] prepared HA/bacterial cellulose
scaffold with well-defined honeycomb pore arrays using a laser patterning technique.
The fabricated scaffold was shown to have a honeycomb pore array with a diameter
of 300 m, which was suitable for bone TE applications. The nanocomposite scaffold
can have good mechanical strength because of the addition of HA to cellulose. The
nanocomposite scaffold can have good mechanical strength because of the addition
of HA to cellulose. However, more research is required to determine whether HA/cel-
lulose bio-ink can be printed in 3D.

3.2.2.6 Hydroxyapatite (HA)/chitosan nanocomposites

Chitin is converted into the polysaccharide complex chitosan, which has strong
biocompatibility, degradability, and solubility in weak acids, and is nontoxic.
Chitosan is a linear copolymer of -(1-4) linked 2-acetamido-2-deoxy-Dglucopyranose
and 2-amino-2-deoxy-D-glucopyranose. Being a positively charged polysaccharide,
chitosan still needs to be chemically altered and/or combined with other biomaterials
to achieve the best mechanical and physiological qualities for TE. There are several
reports on HA-reinforced chitosan scaffolds fabricated using different methods,
including 3D printing. The high uniformity of the structure enhanced the mechanical
strength of the printed HA/chitosan scaffold, thus improving its capacity to maintain
its shape during the shrinkage phase of the dispensing medium.

Venkatesan ] et al. [24] discovered that the mechanical property of HA/chitosan
composites could be regulated by adjusting the weight ratio of HA/chitosan, such
that the maximum value of the compressive strength attains 120 MPa at a mass ratio
of HA/chitosan of 70/30. The printed HA/chitosan nanocomposites scaffold offers a
wide range of possible applications in bone TE because of these great features.

3.2.2.7 Hydroxyapatite (HA)/poly-(lactic acid) based nanocomposites

Poly (lactic acid), sometimes known as PLA, is a nontoxic, biodegradable thermo-
plastic polymer created by the ring-open polymerization of lactide. Sugar feedstock
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fermentation is a source of PLA. Because of its linear aliphatic structure, PLA has
appealing biodegradability, outstanding biocompatibility, and great mechanical
qualities. For the above reasons, PLA was widely used as a matrix material in con-
structing biodegradable composites for bone repair, and bone fixation devices used in
orthopedics and oral surgery applications. However, due to its unpredictable hydro-
lysis and weak hydrophilicity, PLA still has a narrow range of applications. However,
these issues might be resolved by fusing PLA and bioactive ceramics like HA.

In the beginning, the HA/PLA composite was thought of as a viable biomaterial for
bone replacement and repair. The distribution of HA nanoparticles may delay the rate
at which PLA degrades, while increasing the distribution of HA nanoparticles may
enhance mechanical properties. By using finite element modeling and simulation, the
compression strength of printed structures could be changed. The authors claim that
printed HA/PLA scaffold exhibited a greater rate of cell adhesion and proliferation
than PLA scaffold based on iz vitro studies. Using FDM, Domenech M et al. [25] cre-
ated HA microspheres/PLA scaffold. HA/PLA scaffolds displayed increased porosity
and a rougher surface compared to printed PLA scaffolds. Poly-L-lactic acid (PLLA)
degrades more slowly than PLA, which is thought to lead to a slower inflammatory
tissue reaction. Due to the bioresorbable characteristic, HA/PLLA has bone-bonding
potential for bone regeneration [25].

3.2.2.8 Hydroxyapatite (HA)/poly-caprolactone nanocomposites

Poly-caprolactone (PCL) is commonly used as a synthetic biomaterial for bone
tissue and periodontal applications due to its biocompatibility, suitability for various
scaffold fabrication techniques, prolonged degradation rate, and mechanical stability.
However, due to PCL’s slow rate of disintegration and prolonged durations of intact-
ness, scaffolds may have a negative impact on bone repair. Because PCL and PCL-
based scaffolds are easily printable and quickly solidify following extrusion, they can
be produced using 3D printing. PCL and PCL-based scaffolds could be easily fabri-
cated via 3D printing because of their good printability, and quick solidification after
extrusion. Yang Hu et al. [26] fabricated HA/PCL scaffolds with hierarchical porous
structures and tunable multifunctional performance via 3D printing. Peter S]J et al.
[27] also fabricated HA/PCL scaffolds using the SLS technique. The printed scaf-
folds had porosity ranging from 78.54 to 70.31%, and the corresponding compressive
strength ranged from 1.38 to 3.17 MPa. The iz vivo results confirm that the printed
HA/PCL scaffolds not only enhanced the formation of new bone but also orthopedic
and reconstructive surgery. Xia et al. also fabricated HA/PCL scaffolds using the
SLS technique. The printed scaffolds had porosity ranging from 78.54 to 70.31%, and
the corresponding compressive strength ranged from 1.38 to 3.17 MPa. The in vivo
outcomes demonstrate that the printed HA/PCL scaffolds not only improved new
bone development but also satiated all the fundamental criteria for bone TE scaffolds,
indicating a sizable potential for usage in orthopedic and reconstructive surgery.

3.2.2.9 Hydroxyapatite (HA)/polymethyl methacrylate nanocomposites

Polymethyl methacrylate (PMMA) is an FDA-approved synthetic polymer widely
employed in ophthalmic, orthopedic, and dental applications. PMMA is also used as
bone cement to fill defects of any shape or size, As a result, it can be used to treat osse-
ous malignancies, trauma, illnesses, and birth defects in the skeletal structure. Lal B
et al. [28] developed HA/PMMA using solvent casting particulate leaching technique;
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computational fluid dynamics (CFD) analysis concluded that HA/PMMA scaffold
with 60 wt.% HA content tended to be the most potential option for bone TE applica-
tions due to the finest compromise between porosity, permeability, and compressive
strength.

As filaments for 3D printing, Esmi et al. combined HA/PMMA with carbon
nanotubes (CNTs). The modulus and hardness of HA/PMMA/CNTs were found
to be greater than those of HA/PMMA using nano-indentation, and the generated
nanocomposites accelerated cell adhesion, growth, and proliferation, according to the
findings of a biocompatibility test [29].

3.2.2.10 Hydroxyapatite (HA)/polyvinyl alcohol nanocomposites

PVA, a thermoplastic that dissolves in water, is frequently utilized as a support
material in 3D printing. Due to its excellent biocompatibility, high water solubility,
and chemical resistance, it is often used in medical equipment. PVA is mostly used
in cartilage TE because it has a tensile strength that is comparable to that of human
articular cartilage. Notably, compositing PVA with calcium phosphate nanoparticles,
such as HA, TCP, and BCP, showed promising applications for the fabrication of
scaffolds in bone TE. The osteoconductive HA/PVA scaffold could be created for bone
replacement, according to several research findings. For instance, Nie L et al. [30]
fabricated HA/PVA scaffolds by powder-based 3D printing. The results show that the
printed scaffold with 1.0 wt.% of PVA showed the best compressive strength. The
HA/PVA scaffolds’ performances were superior and considerably more appropriate as
bone scaffolds than those of the HA/polyvinylpyrrolidone (PVP) and HA/polyacryl-
amide (PAM) scaffolds made using the same method. In addition, the printed HA/
PVA produced had good cytocompatibility.

3.2.2.11 Hydroxyapatite (HA)/poly (propylene fumarate) nanocomposites

Unsaturated linear polyester poly (propylene fumarate, or PPF), which has car-
bon double bonds throughout its backbone, can be crosslinked. PLA, PCL, and PPF
are regarded as bioresorbable polymers that can break down iz vivo either through
hydrolysis or through enzymatic cleavage. PPF may be degraded into nontoxic
products of propylene glycol, poly (acrylic acid-coumaric acid), and fumaric acid.
Numerous medical applications, including vascular stents, cartilage, blood vessel
engineering, bone TE, have made significant use of PRF. This may be printed into
a variety of 3D shapes using extrusion-based printing and SLA3D printing. Besides
linear PPF oligomers, Fer et al. [31] developed PPF bio-ink for continuous DLP,
with the printing speed improved. PPF is one of the promising candidate materials
for load-bearing applications due to its suitable mechanical properties. But PPF still
needs to have its biomechanical and osteoconductive qualities improved, perhaps
by adding ceramic components. Lee et al. [32] asserted that the osteoconductive
ability of HA/PPF nanocomposites was increased compared with pure PPF. Lee
et al. fabricated HA/PPF scaffolds with micro-SLA (MSTL) technology. During
the preparation of the HA/PPF bio-ink, diethyl fumarate (DEF) was incorporated
to reduce the viscosity, and the photo-initiator bis-acyl phosphine oxide (BAPO)
and 7 wt.% of HA were designed. Interconnected pores could be seen in the printed
scaffolds. Additionally, in vitro research indicates that printed HA/PPF scaffolds
promoted MC3T3-E1 cells’ proliferation and cell adhesion more effectively than
PPF scaffolds did.
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3.3 Hydroxyapatite (HA)-based ceramics
3.3.1 Hydroxyapatite (HA)/beta-tricalcium phosphate (BCP)-based ceramics

Beta-tricalcium phosphate is of low mechanical strength and degrades too quickly
in a physiological environment which can be improved via its combination with HA.
For 30 years, BCP has been utilized to create bone graft materials; BCP-based ceram-
ics have demonstrated clinical success. Asran AS [33] fabricated porous BCP ceramics
using extrusion-based 3D printing with a motor-assisted micro-syringe (MAM)
system; the morphology, pore size, and porosity of printed BCP scaffolds could be
precisely controlled to optimize their mechanical properties.

3.3.2 Hydroxyapatite (HA)/bioglass-based cevamics

The field of bioactive inorganic materials, which may bind with bone tissues,
was introduced by the discovery of bioglass. Due to its osteoconductivity and osteo-
productivity, bioglass has demonstrated significant potential in bone regeneration.
According to numerous investigations, the remarkable bioactivity of HA/bioglass
composites makes them suitable for use in bone regeneration. However, bioglass
scaffolds may deteriorate before the formation of new bone due to the rapid rate of
bioglass dissolution in bodily fluids. Ferraz MP et al. [34] indicated that HA/bioglass
could stimulate early osteogenesis and osteointegration at the interface in the biologi-
cal environment. For instance, Zebarjad SM et al. [35] fabricated the calcium sulfate
hydrate (CSH)/mesoporous bioactive glass (MBG) scaffolds using the inkjet 3D
printing approach (4th 3D Bioplotter™, EnvisionTEC GmbH, Germany). The printed
scaffolds were well used for apatite mineralization because of their regular and
consistent structure. Seyedmajidi et al. additionally acquired HA/bioactive glass for
use as cell scaffolds in the restoration of the rat tibia. The radiographic, histological,
and histomorphometric evaluations showed that the trabecular thickness and rate of
new bone formation were elevated.

3.3.3 HA-based composites of titanium ceramics

Besides calcium phosphate ceramics, titanium and its alloys, such as titanium
dioxide (TiO,) and titanium alloy (Ti-6Al-4 V, Ti64), can be used to fabricate scaf-
folds for TE. TiO, is also capable of enhancing the growth of bone and vascular tissues
and osteoconductivity. For instance, Kim et al. created HA/TiO, nanocomposites
utilizing HA-doped TiO; particles and concluded that these materials had greater
strength and bioactivity than TiO, compounds. Additionally, Ti64, known for its
excellent strength-to-weight ratio, is an alloy that can be employed in fabricating
porous scaffolds. SLM, or selective laser melting, can be used to create such porous
Ti64 scaffolds.

However, since Ti64 lacks some functionality, such as blood compatibility and
bone conductivity, the surface of Ti64 may be coated using HA to improve its physi-
cochemical properties as demonstrated in the literature. For instance, Cai X et al. [36]
used a nanorod-structured HA as a coating on the surface of Ti64 via atmospheric
plasma spraying in combination with hydrothermal treatment and subsequently
demonstrated how the created nano-structured surface will improve osseointegration
and cell responses.
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4. Different types of hydroxyapatite polymer composite for bone tissue
engineering

4.1 Hydroxyapatite as tissue scaffolding material

Hydroxyapatite (HA) (Cal0(PO4)6(OH)2) is a biocompatible ceramic material
that belongs to the calcium phosphate cement family (CPCs). Natural bones are
mainly made up of HA, collagen, and water. Biological apatite, the main mineral form
present in mammals is a carbonate-rich, hydroxyl-deficient apatite with a Ca/P ratio
of less than 1.67. Synthetic HA has a comparable composition and characteristics to
natural HA found in bones and teeth. Synthetic HA is also a biocompatible, bioac-
tive, nontoxic, and osteoinductive substance. In two alternative scaffold material
combinations, HA can be utilized. Hydroxyapatite has significant remodeling and cell
adhesive qualities when combined with natural materials, but it can also trigger an
immunological response. Gelatin, fibrinogen, and collagen are examples of natural
materials (Figure 2). Synthetic materials, on the other hand, are less likely to elicit an
immune response, although they can still be hazardous [37].

4.2 Hydroxyapatite in combination with natural materials
4.2.1 Collagen
Collagen is a natural substance that is biodegradable, porous, and biocompatible. It

is a natural component of many soft and hard tissues and provides raw protein for the
ECM. They are made up of 28 different proteins that fall into six different categories:

—  Collagen — Po}ycaprolactone}

—  Gelatin — Polyhydroxybutyra
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= chitosan == Polyvinyl alcohol

Alginate Poly (lactic acid)
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Figure 2.
Natural and synthetic materials used in combination with hydroxyapatite.
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fibrillar, fibril-associated collagens with interrupted triple helices (FACIT), beaded
filament, basement membrane, short-chain, and transmembrane collagens. Because
type I collagen is plentiful in the bones, it is the molecule of interest when it comes to
bone regeneration. Collagen, on the other hand, lacks stiffness, making its usage in
load-bearing regions challenging [37].

The idea of creating collagen (Col)-HA biocomposites is supported since they
make up the microarchitecture of the bones. Collagen has long been known for its
high biocompatibility, low degradation, and positive interactions with cells and other
organic macromolecules in our bodies. To stimulate osteogenic differentiation—HA
biocomposites combine collagen’s cell migration and binding capabilities with HAs
inherent bioactivity. Collagen improves the mechanical strength of porous HA scaf-
folds by reducing porosity. The increased mechanical strength is due to the creation
of intermolecular H-bonds between collagen and HA, which raises fracture energy
and hence improves failure resistance. Because of all these factors, tissue engineer-
ing can also be done with collagen-HA composites. When implanted in the rat tibia,
these scaffolds exhibited osteoconductivity and begin to disintegrate after 12 weeks.
In animal tests, these collagen-HA composite materials have also been employed to
cover titanium implants with encouraging results. Collagen-HA scaffolds containing
recombinant growth factors and antibiotics are also being developed which helps to
improve regeneration [37]. Hoyer et al. created resorbable collagen/hydroxyapatite
porous scaffolds with appropriate connectivity and mechanical characteristics (2012)
[38]. Sotome et al. further verified the advantages of porous HAp-collagen composite
for bone regeneration. Collagen-Hap was also successfully used for cheekbone aug-
mentation, resulting in significant ossification with little inflammation and limiting
bone development over time.

4.2.2 Gelatin

Gelatin is a natural polymer made from collagen that has been denatured. It’s
been employed in adipose tissue, blood vessels, bone, intervertebral disc, muscle,
tendon, heart, liver, and skin tissue engineering. Bone tissue engineering can also be
facilitated by gelatin/HA scaffolds. In terms of osteogenic development of periodontal
ligament cells, these scaffolds have demonstrated encouraging outcomes. Due to
the immunogenic reaction induced by collagen by-products, an alternative organic
matrix component source was necessary as a backup. In this case, the organic com-
ponent in the composite was preferable to gelatin. The role of gelatin as a matrix was
investigated after it was degraded in lysozyme under physiological circumstances.

In thermal solution, gelatin is a linear, amorphous, hydrophilic, and moldable
biomaterial and also biocompatible, and has a slower rate of degradation, and the
by-products are not immunogenic. The addition of gum to the HA/gelatin composite
can improve the mechanical characteristics of the scaffold. The scaffolds are seeded
with Mesenchymal Stem Cells (MSCs) extracted from Wharton jelly that protects the
umbilical cord. According to White et al., the preparation of gelatin-HAp composite
can be done through the casting method as it is a simple and economical approach in
the preparation of porous scaffold materials [39].

Because of their biodegradability and biocompatibility, gelatin and hydroxy-
apatite films in various ratios appear to have promise in bone tissue engineering,
according to the findings of multiple research. However, in order to accurately
assess the mechanical characteristics of this composite, additional detailed experi-
ments were necessary.
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4.2.3 Chitosan

Chitosan (CS) is a D-glucosamine/N-acetyl-D-glucosamine copolymer, which is
a versatile natural biopolymer made by partial deacetylation of chitin under alkaline
environments. Chitin and its derivatives have received a lot of interest as a scaffold
material in bone tissue engineering. Pure chitosan scaffolds, on the other hand, have
poor mechanical characteristics and lack osteoconductivity. HA can be employed
to improve the ability of CS to differentiate into osteoblasts [40]. By including HA
in the CS scaffolds, the bioactivity and biocompatibility of the CS can be improved.
CS/HA systems have also been employed as carriers to transport drugs, stem cells,
and other growth factors into hosts. The very first attempt to create a CS/HA
biocomposite material was the creation of a bone-filling cement made of powdered
HA/ZnO/CaO combined in a chitosan sol. The final paste had a quick setting time
and a high compressive strength. The HA nanoparticles are evenly distributed
throughout the CS matrix, and the HA crystallites increase during nucleation due to
interactions generated between calcium ions and CS amino acids [40]. The aggrega-
tion of HA nanoparticles is a disadvantage of this type of material; however, Hu
et al. devised a simple iz situ hybridization approach to make HA/CS nanocompos-
ites that can overcome this issue. Furthermore, the biocompatibility of the HA/CS
scaffold is quite excellent.

The HA/CS composite improved cell adherence, spreading, and proliferation of
human mesenchymal stem cells as compared to a pure chitosan scaffold. HA/CS bio-
composites have been shown to stimulate bone growth in a variety of bone defects by
inducing osteoinduction and osseointegration. To repair the femoral condyle defect
in 43 adults New Zealand white rabbits, HA/CS and pure chitosan were implanted
into the left femoral condyle. The results demonstrated that after 12 weeks of sur-
gery, rabbits implanted with the HA/CS scaffold had completely healed their bone
abnormalities, whereas the defects remained in the pure chitosan group. The HA/

CS composite can also be employed as a functional layer on other implants to create
outstanding osteoinduction characteristics. Wang et al., for example, coated HA/CS
on a titanium surface(cTi) and employed it in diabetic patients. After 12 weeks, the
cTiimplant had greater bone contact and a higher volume of new bone formed into it
than the Ti implants [41].

4.2.4 Alginate

Alginate (Alg) is a marine-sourced biopolymer produced from brown algae,
similar to chitosan. Alginates, which produce partially soluble hydrogels in water
after partial interaction with divalent cations, have a variety of uses in bone regenera-
tion, wound healing, and drug administration. According to Becker et al., who also
researched their mechanical characteristics, alginates are biodegradable and biocom-
patible materials [42]. This study discovered a link between biocompatibility and
alginates purity, with pure versions causing less unfavorable reactions in tissues than
their less purified equivalents. In comparison with hydrogels with high mannuronic
acid concentration, hydrogels with high glucuronic acid content had improved tensile
strength and ductility qualities.

Ceramics, such as HA, can be used to strengthen the mechanical qualities of
alginate. Some studies also discovered that a slight increase in Sodium Alginate (SA)
content resulted in the production of biocomposites with enhanced density and
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hardness due to decreased porosity and the establishment of strong linkages within
the SA, allowing SA/HA composites to outperform pure SA scaffolds mechanically. In
vitro and in vivo tests were performed on biocomposites including carbonated nano-
HA with strontium and sodium alginate (SrCHA) spheres and without strontium
(CHA). Vancomycin-loaded Alg/Sr-HA microspheres had improved sustained drug
release capabilities. Although the mechanical characteristics of Alg/HA composites
are sufficient to fill critical-sized defects (tissue defects which are the smallest one
and that do not heal on their own over the course of an animal’ lifespan), their
usefulness for treating defects in long bones requires additional investigation.

4.2.5 Hyaluronic acid

Hyaluronic acid (HylA) is a hydrophilic linear unbranched glycosaminoglycan
composed of repeated N-acetyl glucosamine and glucuronic acid disaccharide units.
This was first obtained from the vitreous humor of cows. Because of its elasticity,
biocompatibility, antibacterial, and osteoinductive qualities, HylA got a variety of
biological uses, including bone regeneration. HylA is engaged in cell signaling path-
ways and contributes to cell proliferation and differentiation. Bakos et al. investigated
the effect of HylA on HA. HylA-conjugated HA/Col composites had a more compact
structure and higher bend strength than non-conjugated HA/Col composites, indicat-
ing that HylA has a positive impact on the mechanical properties of HA/Col scaffolds
[43]. Hyaluronic acid (HylA) is a hydrophilic linear carbohydrate that is found in
the body. When the ability of biocomposite scaffolds made of calcium sulfate/HA/
HylA and encapsulated with collagenase to repair alveolar bone defects in rats was
investigated, it was shown that these scaffolds displayed excellent biocompatibility,
compressive strength, and a sustained release of the collagenase enzyme for up to
4 days. Histological analysis of the rat models revealed that defects filled with calcium
sulfate HA/HylA-collagenase scaffolds showed significant and uniform regeneration
of the alveolar bones 8 weeks post-implantation verified by the increased number of
osteocytes observed on the defect site. However, in iz vivo circumstances, fast enzy-
matic degradation of HylA must be considered, as this might deplete the mechanical
characteristics of HylA-based composites [44].

4.2.6 Silk

Silk may be utilized as a scaffold for MSCs since it is biocompatible and strong.
To make the silk/HA scaffold, NaCl can be employed as a porogen. Scaffolds with
different HA percentages are made and employed with MSCs cells. According to
Bhumiratana et al., since HA stimulates mineralization and trabeculae development
in its scaffold, silk/HA scaffolds can play an important role in osteogenic cell differen-
tiation [45].

4.3 Hydroxyapatite in combination with synthetic materials

Natural materials are undeniably accessible and biocompatible, but synthetic
materials, under their regulated nature, have many distinct features. Polylactic acid
(PLA), poly (lactic-co-glycolic acid) (PLGA), b-tricalcium phosphate (b-TCP), and
polycaprolactone (PCL) are examples of synthetic materials. It’s also possible to
employ HA in conjunction with synthetic materials (Figure 2).
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4.3.1 Polycaprolactone (PCL)

PCL is a biocompatible, synthetic polymer with easily adjustable mechanical
characteristics. PCL (in its high molecular weight form) is recognized for its typi-
cal slow breakdown rate of up to 3 years to entirely eradicate itself from the host
body, despite the fact that it is biodegradable. The volume of HA in the composite
affects the mechanical characteristics of PCL/HA scaffolds. Researchers used laser
sintering to create nano-HA (nHA)/PCL scaffolds. Increased nHA concentration
leads to osteoblast development and mineralization, based on Alizarin Red and ALP
staining. The greatest amount of nHA-containing scaffolds exhibits a slow-release
profile of recombinant bone morphogenic protein; as a result, HA/PCL scaffolds are
crucial in bone tissue regeneration. The utilization of a biphasic calcium phosphate
(BCP) scaffold covered with nHA and PCL for the differentiation of primary human
osteoblasts (HOBs) and ASCs cells has been described. The addition of HA to porous
PCL has an effect on the latter’s behavior under iz vitro circumstances. Shor et al. in
an 11-21 days observational study revealed that porous PCL/HA scaffolds cause an
increase in cell survival and proliferation of fetal bovine osteoblasts over conventional
PCL scaffolds. Throughout the observation period, cell differentiation as evaluated by
alkaline phosphatase activity revealed that PCL-HA scaffolds clearly outperformed
conventional PCL scaffolds in terms of alkaline phosphatase activity. In comparison
with the negative controls, PCL-HA matrices implanted subcutaneously in white rats
demonstrated the development of connective tissues after 7 days and vascularization
after 14 days, provoking a very low immune response. After 21 days, the matrices
commenced to biodegrade, demonstrating their effectiveness and cytocompatibility
in in vivo animals. PCL, on the other hand, is very hydrophobic, has minimal antibac-
terial action, and is known to degrade more slowly than poly (L-lactic acid) (PLLA)
and poly(glycolic) acid (PGA) [46].

4.3.2 Polyhydroxybutyrate (PHB)

Poly 3-hydroxybutyrate (P3HB) is a crystalline polyester that belongs to the poly-
hydroxyalkanoates family of polyhydroxyalkanoates produced by bacteria through
enzymatic synthesis. Because brittleness is a key disadvantage of P3HB, it is frequently
copolymerized with polyhydroxy valerate (PHV) to improve processability. PHB and
gelatin can be coupled with nHA to create a bone scaffold that is both osteoconductive
and osteoinductive. The nanofibrous scaffold can be employed in conjunction with
MSCs to improve bone regeneration potential. In comparison with P3HB control scaf-
folds, P3HB/nano-HA scaffolds enhance cell proliferation and differentiation of osteo-
blasts better. Both scaffolds boosted cell survival and proliferation over time, however,
the P3HB/nano-HA scaffold had the best outcomes. When tested subcutaneously on
rat models, PHB/HA porous scaffolds filled with bone marrow cells showed promise
in in vivo environments. Forty-five days after implantation, the implants were covered
with a thin connective tissue layer. In the pores of the scaffolds, a healthy connective
tissue in-growth comprised of matured osteoblasts, macrophages, and capillary was
seen, indicating the site of the active bone formation near the implant site, indicating
their capacity to support bone regeneration. However, because both P3HB and HA are
brittle materials, the mechanical strength of the PAHB/HA biocomposites is a prob-
lem. As a result, because of concerns about their long-term mechanical stability, the
composite may not be the best option for implant [47].
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4.3.3 Polyvinyl alcohol (PVA)

Tissue engineering can be done with polyvinyl alcohol (PVA)/BCP scaffold. Nie
et al. created PVA/BCP scaffolds and seeded BMSC cells on them. The biocompat-
ibility of this scaffold was good. The porosity and mechanical characteristics of the
scaffolds are similar to those of bone. It improves MSC adherence, making PVA/BCP
scaffolds useful in bone tissue engineering [48].

4.3.4 Poly (lactic acid)

Poly (lactic acid) (PLA) is formed when lactic acid undergoes a polyesterifica-
tion reaction. It exhibits four different forms: poly (L-lactic acid) (PLLA), poly
(D-lactic acid) (PDLA), poly (D,L-lactic acid) (PDLLA), and meso-poly(lactic
acid). PLA has high tensile strength and Young’s modulus in general. These
properties, however, range greatly among the various types of PLA, which defines
their applicability. PLA/HA biocomposites are employed as scaffolds as well as
carriers for delivering medicines and other proteins into the body. The mechani-
cal properties of PLA/HA biocomposites are influenced by the proportion of HA
in the composite and the temperature at which it is produced. Calcined PLA/
HA composites with around 80% HA had Young’s modulus of 10 GPa, which
was comparable to the lower limit of a cortical bone, as well as comparable
flexural strength and fracture toughness. Increased cell numbers, cell adhesion,
expression of bone-specific markers (osteocalcin), and promotion of osteoblast
differentiation by alkaline phosphatase activity demonstrate that PLA/HA bio-
composites are biocompatible with a wide range of cell lines, including MG-63
osteosarcoma cells, L929 fibroblastic cells, and MC3T3-E1 osteoblastic precur-
sors. In rabbits with bone defects, PLA/nano-HA/collagen scaffolds seeded with
rh-BMP2 (recombinant human bone morphogenic protein) exhibited promising
signals of bone remodeling. After 8 weeks, the implant showed cellular infiltra-
tion into its pores, and after 12 weeks, it had fully integrated into the defect site,
demonstrating the formation of new bony (trabecular) tissues and the replace-
ment of the composite, showing the composite’s biodegradability and bone
regeneration capacity [49].

4.3.5 Poly (glycolic acid)

The semi-crystalline polymer poly (glycolic acid) (PGA) has a high tensile
modulus of 12.5 GPa and is insoluble in most organic solvents. PLA and PGA were
the first synthetic biodegradable polymers to be approved for use in the fabrica-
tion of resorbable sutures by the US Food and Drug Administration. PGA has
better mechanical qualities than PLA and degrades faster. In a 1986 study, PGA
implants were found to be biocompatible in rabbits with cortical and cancellous
bone abnormalities. The implants in the cancellous locations showed the greatest
degradation after 12 weeks of implantation, compared to partial degradation in the
cortical bones that did not result in an inflammatory response. Iz vitro, PGA/HA
composite scaffolds showed excellent resorption and the appropriate porosity for
cellular penetration and adhesion. However, due to the stiffness of PGA and the risk
of inflammation caused by its breakdown by-products, their biological applications
have been limited [50].
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4.3.6 Poly (lactide-co-glycolide)

The biocompatibility and mechanical characteristics of PLGA are well known.
PLGA is seen as a solution to both PLA and PGA’s drawbacks. Researchers were able to
solve the problem of premature degradation by copolymerizing the two and altering
the homopolymer ratio, which gave them some control over their degradation rates.
PLGA having 75% PGA is known to be amorphous and hydrolytically unstable, caus-
ing it to degrade more quickly.

PLGA systems are used in areas such as bone, cartilage, and nerve regeneration, in
addition to drug delivery. The mechanical characteristics of PLGA are strengthened
by HA. Fisher et al. discovered that adding 30 percent nano-HA to PLGA matrices
resulted in composites with three times the strength of the polymer alone, as well as
a sixfold increase in compressive modulus. The scaffolds were designed to be inject-
able, and when injected into swine femoral heads, they increased the trabecular bone
strength and compressive modulus from 3.5 to 5.9 MPa and 81 to 180 MPa, respectively
[51]. In comparison with PLGA control scaffolds, PLGA/nano-HA scaffolds cultivated
with mesenchymal stem cells demonstrated larger cell counts, improved cell adher-
ence, increased cell proliferation, and better alkaline phosphatase activity. Twenty-one
days after implantation, PLGA/HA scaffolds implanted into rabbit mandibular defects
showed the presence of bone trabeculae without any ongoing osteoblast activity,
whereas PLGA control scaffolds had a high number of osteoblasts on their surface,
indicating increased cellular activity to generate more bone trabeculae. Also, at the end
of 6 weeks, the PLGA/HA scaffolds tested positive for the bone markers osteonectin
and osteopontin, indicating increasing bone deposition iz vivo [52].

5. Application in tissue engineering

Tissue engineering with hydroxyapatite (HA) holds a lot of promise. Furthermore,
according to current research, 3D printed HA-based nanocomposites serve as 3D
templates for cells to attach, proliferate, and maintain their differentiated function in
tissue regeneration. Bone, cartilage, applications in dentistry, skin, and drug delivery
are just a few of the possibilities for HA-based structures. These applications are
briefly covered below (Figure 3).

5.1 Bone

Due to the chemical resemblance of calcium phosphates to bone minerals, notably
HA (Ca10(PO4)6(0OH)2), bioceramic materials are used in bone replacement applica-
tions. In comparison with autografts and allografts, a complex hierarchical artificially
engineered bone scaffold with a complex structure can reduce the risk of infection,
immune response, and transmission of the disease. The optimally designed bond
scaffold should meet a number of requirements, including biocompatibility, osteo-
conduction, osteoinduction, and mechanical properties. In conjunction with natural
and synthetic polymers, pure HA or other ceramics such as tetra calcium phosphate
can be utilized to build scaffolds for hard tissue regeneration. Polymers, by their very
nature, are flexible and lack stiffness. When inorganic materials and polymers are
mixed, composite materials display both inorganic features like mechanical strength
and flexibility, as well as polymer properties such as porosity and osteoconductivity.
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Figure 3.
Applications in tissue engineering.

PLGA/HA is a biocompatible and osteoconductive composite scaffold that promotes
uniform cell seeding, cell development, and tissue creation. When coupled with
collagen, PLLA, CS, and gelatin, HA and Tri calcium Phosphate (TCP), the inorganic
component of bone, are employed as scaffolding [53].

A 3D gel-printing method can be used to create an interconnected porous pure
HA scaffold. According to Shao et al., the inclusion of HA-based nanocomposites
constructions in bone TE can be accomplished by combining 3D printing and
microwave sintering to create a hierarchical porous HA scaffold with micropores and
macropores. Song et al. revealed that these hierarchical HA scaffolds can be easily
incorporated with native bone [54]. Bone regeneration is being attempted in all parts
of the body, and the important ones are discussed below:

5.1.1 Maxilla

Trauma, defects, and cosmetic issues in the maxillofacial region necessitate bone
tissue engineering. For bone regeneration, having an adequate scaffold is critical.
Osteoinductive growth factors, such as BMP-2 and BMP-7, which are present in
extracts of demineralized freeze-dried bone, can also be used to induce osteogenic
cartilage periodontal attachment bone cementum hydroxyapatite in tissue engineer-
ing. After a trauma or tumor removal, HA and associated materials are utilized to
repair a damaged maxilla. To fill the deficiencies, granular versions of HA and TCP
are utilized, which shows improvement in bone regeneration in that area. Polymer
scaffolds loaded with HA and TCP are also employed to promote tissue regeneration
in the craniofacial region [55].
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5.1.2 Mandible

Hydroxyapatite (HA) can also be utilized to regenerate mandibular bone. A lesion
in the rabbit mandibular bone was created in an iz vivo investigation and filled with
porous Poly Methyl Methacrylate (PMMA) with or without HA. A new bone formed
12 weeks after implantation with no other surrounding tissue infection. The findings
indicated that injectable porous PMMA-HA could be a reasonable solution for cranio-
facial bone regeneration. Nanocrystalline HA (HA-SiO) was employed to regenerate
a mandibular bone defect in another animal investigation. The study found that HA
accelerated the production of new bone tissue and had a high osteogenic potential. In
clinical research, HA has also been utilized to treat a mandibular bone deformity. The
magnesium-enriched HA was employed as a substitute in a mandibular bone defect
caused by ameloblastoma excision in the study, and it was found to be effective in
bone regeneration [56].

5.1.3 Alveolar bone

Periodontitis can cause damage to the alveolar bone that supports the teeth. The
defective bone could be treated with tissue engineering or regenerative medicine. By
providing a proper structural foundation, materials for a bone graft can induce bone
healing. Rats had their alveolar bone defects repaired using a composite material made
of HA. The new alveolar bone regenerated with good mechanical strength, biocompat-
ibility, and a faster bone remodeling process, according to the researchers [57].

5.1.4 Calvarium

For the restoration of calvarial bone deformities, various materials have been pro-
posed. In the seventeenth century, a gold plate was used to repair a calvarial defect for
the first time. Other materials used in the previous century included tantalum, silver,
titanium, and stainless steel. HA has been proposed as the most suitable biomaterial
for the construction of biocomposite scaffolds for bone regeneration because of its
superior osteoconductive and osteoinductive capabilities [58].

5.2 Periodontal tissue regeneration

Restoring periodontal tissues to their former shape and function is a difficult task.
In a canine model with a labial alveolar bone defect, Liu et al. investigated the peri-
odontal regeneration potential of collagen-HA scaffolds combined with bone marrow
mesenchymal stem cells. The authors demonstrated that collagen-HA scaffolds sup-
ported periodontal tissue regeneration with no abnormal events occurring throughout
the regeneration process, implying that collagen-HA scaffolds provide a biocompatible
environment for periodontal regeneration. In another work, the nanoparticle HA was
employed to promote the proliferation and differentiation of primary periodontal liga-
ment cells (PDLC). When compared to the control group, HA brings extensive PDLC
proliferation and alkaline phosphatase activity, suggesting that HA could be employed
as a bioresorbable agent in osseous reconstruction [59].

5.3 Temporomandibular joint

The TM] is a joint that connects the temporal bone to the mandibular condyle and
is commonly damaged. TMJ traumatic abnormalities are divided into three categories:
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“fracture, mandibular dislocation, and subluxation,” which cause pain during neces-
sary oral functions. Because there are few therapies for severe TM] illnesses, there has
been a surge in interest in regenerative techniques. TMJ regeneration has been studied
by Mehrotra et al. Their research found that HA-enhanced collagen scaffolds facili-
tated the regeneration of entire TM] condyles in adolescents and children with TMJ
ankyloses. For the replacement of the mandibular condyle, a customized 3D polyamide
implant-coated nano-HA can be planned and produced. The use of such materialsina
patient has been shown to have favorable clinical consequences [60].

5.4 Cartilage

Proteoglycans, glycosaminoglycans, collagen fibers, and elastin make up the
matrix of cartilage. Articular cartilage injuries are prevalent, and traumatic cartilage
has limited healing and regeneration capability. Unfortunately, due to its limited
ability to heal, articular cartilage lesions or injuries are difficult to heal, and artificial
cartilage is necessary in the clinic. Articular cartilage grafting has been established in
the literature to be a promising therapy option for these injuries [61]. The researchers
discovered that HA stimulates chondrocytes to secrete the calcified cartilage matrix
both in vitro and in vive [62]. For cartilage repair, 3D printing may be utilized to build
constructs with high structural complexity and flexibility, such as hydrogels, which
offer the benefit of personalized precise customization, allowing the construct to
match perfectly with the faulty surface. It has been established that HA-based nano-
composite structures can be used in cartilage TE.

5.5 Dentin

Dentin regeneration demands a proper scaffold system and an inductive micro-
environment. In orthopedics and dentistry, HA was the most commonly used
substance. HA is utilized not just in dental fillings and cement, but also in a variety
of toothpaste that works as a polisher to reduce biofilm build-up on teeth. Dentin
remineralization can be stimulated by advancements in dental materials that lead to
the production of nHA particles [63]. nHA is a great source of free calcium and is an
important factor in the prevention of dental caries and erosion. As a result, nHA is
regarded to be a promising hard tissue engineering candidate [61]. The effect of HA
particles of various sizes on the proliferation of pre-odontoblast cells (MDPC-23)
has also been studied. The researchers also discovered that the size of HA particles
is inversely related to cell proliferation. According to these findings, nHA could be a
beneficial substitution for odontoblast cell proliferation [63].

5.6 Cementum

Cementum is a mineralized, avascular tissue that covers the surface of the root
and creates the interface between the dentin and the periodontal ligament. Varying
cementum has different proportionate compositions of chemical components.
Cementum has a biological component that is identical to the bone, according to pre-
vious research. In the cementum, HA is a key inorganic component that is abundant
(approximately 50%). The predominant components of the remaining organic matrix
are proteoglycans, glycoproteins, and collagens [62, 64]. Periodontal infections or
accidental damage can cause periodontal tissue degeneration, which can lead to teeth
loosening and affect oral function. Cementum regeneration has been accomplished
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with HA based on a few studies. Mao et al. investigated the effect of HA bioceramics
with a micro-nano-hybrid surface (mnHA) on human periodontal ligament stem cell
adhesion, growth, and cementoblast differentiation. The findings showed that mnHA
bioceramics stimulated cell proliferation, cell adhesion, alkaline phosphatase activity,
and the expression of cementoblast differentiation markers such as cementum attach-
ment protein and cementum protein [64].

5.7 3D printing of HA nanocomposites for dental applications

3D printing for dental applications has developed significantly in recent years,
particularly in the fields of oral and maxillofacial surgery, endodontics, orthodontics,
prosthodontics, and periodontics. The potential for personalized dental solutions
promotes the use of 3D printing in this field. Dental prostheses and crowns are fre-
quently made of metal, ceramic, and polymer-based materials. 3D printing is indeed
being used to restore lost teeth. To assure a denser and more compact construction,
the mechanical qualities of prosthodontic constructs must be addressed, and porosity
difficulties must be avoided. Ink-jet printing, rather than SLS or SLA printing, can
produce a denser and more compact structure. Controlling infection is said to be criti-
cal to the efficacy of apical surgery of root canal-treated teeth. However, because HA
lacks bactericidal characteristics, antibacterial HA-based nanocomposites can prevent
the growth of microorganisms in the root canal [65].

5.8 Drug delivery applications

For more precise and long-lasting drug release, HA has been combined with
biopolymer (e.g., alginate) matrices. Venkata Subbu et al. [66], for example, placed
the antibiotic ciprofloxacin onto a nano-HA composite using alginate. The medication
was pre-adsorbed onto the ceramic particle before the composite was formed in their
investigation. They discovered that integrating HA-based nanocomposites into cipro-
floxacin-loaded HA increased the duration of ciprofloxacin release when compared
to ciprofloxacin-loaded HA alone. In conclusion, the importance of HA-composites
cannot be underestimated. Furthermore, recent studies from 2021 have shown
that they can be used in human investigations. Kim and Kim, for example, used 3D
strontium-substituted HA (Sr-HA) ceramic scaffolds in human cells to stimulate fast
cell proliferation, osteogenic differentiation, and cellular mineralization. They used
Sr-HA scaffolds as new bone graft alternatives in people and confirmed their effec-
tiveness. Based on the reported success, it is expected that future research will focus
on the use of HA-composites in people. The next section discusses what the future
holds for HA composite applications in TE [66].

5.9 Future horizons

The use of nanotechnology in the manufacturing of HA is very beneficial. Since
natural raw materials are used, HA production will be cost-effective in the near
future. Cell culture, drug delivery, antibody purification, catheters, and engineered
artificial organs constructed of HA composites are all interesting advancements for
HA. Given the utility of HA-based nanocomposites in drug delivery, the scientists
speculate that future applications for HA-based nanocomposites in the delivery of
gene modifiers and targeted nutrition may be possible. Clearly, in the future, such
technologies will allow for advanced and targeted cell and tissue transformations. In

70



Hydvroxyapatite Composites in Tissue Engineering
DOI: http://dx.doi.org/10.5772/intechopen.112384

addition, various features of HA-based composites, such as printability, appropriate
mechanical strength, biodegradation, and biocompatibility, will make it easier to use
3D printing to build on-demand, highly individualized complicated designs at low
costs in the future. Recognizing that vascularization is critical for tissue regeneration
and that functional vascularization of the biological scaffold is challenging to achieve
with current 3D printing technologies, extrusion-based printing can be employed

to provide the required structural integrity of the final result. The development of
HA-based nanocomposites employing 3D printing in the future will address the
vascularization issues stated above. However, a better understanding of the complex
biological system is still required, and customized scaffolds created with 3D printing
technology must be further developed with an increase in processing speed while
avoiding mistakes and errors, as the printing process is not automated. In summary,
we will be able to build better composites in the future if we can completely grasp
the process of HA response to various cells and the signals they trigger. Cells respond
differently depending on their microenvironment. Furthermore, the advancement
of materials and 3D printing techniques is expected to lead to the development of
HA-based nanocomposites for future clinical applications [67].

6. Conclusion

Despite extensive and new research into the treatment, critical-sized bone lesions
are becoming more common and remain a significant barrier for tissue engineers.
Desirable mechanical qualities merged into single tissue-engineered constructions
as scaffold fabrication has increasingly aimed to include composite materials with
greater bioactivity. As a result, several effective bone and cartilage structures with
therapeutic application have been produced, with ceramic and polymer composites
having excellent success. In the future, it will be essential to achieve even closer repli-
cation of natural mechanical and biochemical stimuli that cells are exposed to, as well
as increased construct vascularization, to maximize osteogenesis and chondrogenesis.
3D bio-fabrication and bioprinting technologies provide ever-increasing precision in
constructing microarchitecture. When combined with the growing number of bioac-
tive materials, growth factors, functionalization processes, and biomimetic scaffold
designs available, the future potential for constructing sophisticated BTE scaffolds
suited to patient-specific applications is enormous. This gives hope for the treatment
of several challenging illnesses, such as osteonecrosis, osteoporosis, and severe bone
abnormalities. As manufacturing methods advance, it is believed that in the future,
treatment personalized to the individual patient can be produced in a more cost-
effective and efficient manner.
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Toxicity of Natural Hydroxyapatite
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Abstract

Hydroxyapatite (HA) has been extensively researched in bone regeneration
procedures for its close similarity with natural bone in composition and also due to
its osteoconductive and bone healing properties. Natural hydroxyapatite (NHA) is
dissimilar to its synthetic counterpart. It has a slight difference in the calcium phos-
phate ratio and contains carbonate groups and some trace elements, which makes
it a more viable material as a substitute for bone. Biowaste is a huge environmental
concern. NHA is generated from biowaste of mostly poultry and marine origin.
Hence, its proven biocompatibility would advocate the translation of this knowledge
to clinical practice for bone regenerative procedures. Iz vitro biocompatibility of NHA
from various sources has been reported. Also, i vivo studies, including implantation
studies, have been carried out to certify the biological safety of NHA. Various authors
have stated that the preparation technique (which influences features of NHA),
degradation characteristics, and resulting tissue response of NHA are also satisfac-
tory. This chapter elaborates on the toxicity assessment iz vitro, and iz vivo and hence
the biocompatibility of NHA obtained from various sources.

Keywords: hydroxyapatite, natural hydroxyapatite, egg shell-based hydroxyapatite,
fish scale derived hydroxyapatite, MTT assay, marine hydroxyapatite

1. Introduction

Hydroxyapatite (HA) resembles bone minerals in terms of bioactivity,
mechanical characteristics, and composition; hence, it is frequently employed as
a bone substitute [1, 2]. Recently, hydroxyapatite nanoparticles have been used
for the purpose of drug delivery, where they serve as vehicles for pharmaceutical
molecules, bioimaging molecules, and other therapeutic agents. It is asserted that
these particle drug delivery methods have improved bioavailability, predictable
treatment outcomes, higher efficacy and safety, and the potential for controlled
release.

Although NHA is demonstrating considerable promise in the biomedical
field, careful consideration of its possible toxicity is necessary before it can
be considered a viable option for medical application in the broader human
population [3, 4].
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2. Safety evaluation of NHA

The safety evaluation of NHA includes reports on its i vitro response in cell-
culture followed by iz vivo response to short term and long term presence of NHA in
the various animal models [1, 3-5]. The sequence of toxicity evaluation tests for NHA
reported in literature has been represented in Figure 1.

2.11In vitro toxicity evaluation of NHA
2.1.1 Cytotoxicity

It is crucial to assess in vitro cytotoxicity of medical devices to understand their
impact on cell functions. Various authors have studied cytotoxicity of NHA in vitro
prior to its applications in bone regeneration [3-5]. MTT assay (based on cell culture)
is considered as the most preferred methods to carry out in cytotoxicity assessment
[5]. Only the viable cells will have mitochondrial succinate dehydrogenase to convert
the MTT to formazan crystals. Various cell lines, preferably osteoblast based are
utilized to carry out MTT assay to clearly identify response of NHA on osteoblast cell
lineage. DNA quantification assay is also carried out to analyze the DNA changes in
these cells if they correspond with healthy cells.

Oyster (Crassostrea angulate) shells based on their microporous scaffold-like form
have been used to create NHA scaffolds. Osteoblast lineage cells when seeded in these
scaffolds followed by their proliferation was compared to synthetic HA scaffolds using
MTT assay. NHA scaffolds yielded better results than synthetic HA scaffolds [4].

NHA was extracted using fishbone of Tuna (Thunnus thynnus) and from sword fish
(Xiphias gladius) [3]. The frozen bones were cleaned, dried, calcined (at 600 and 950°C)
and milled. Both the NHA extracts were incorporated in mouse calvarial cell culture.
Following MTT assay was found to be nontoxic for 100% extract concentration.

@ Performance and
Efficacy evaluation

Invivo assessment/Implantation test

- Acute systemic toxicity
- Pyrogenicity
- Genotoxicity

Invitro assessment - Carcinogenicity

- Cytotoxicity (MTT Assay)

- Hemocompatability

Figure 1.
The sequence of toxicity evaluation tests carried out for NHA reported in literature.
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Osteoblast (MG63) and fibroblast (NIH3T3) cells were cultured in Mercenaria
mercenaria seashells extract. Following MTT assay was found to be noncytotoxic [6].

Shamsuria [7] assessed the i vitro cytotoxicity of natural corals in human osteo-
blast cells following extraction in complete culture medium. After a 72-h incubation
time, the viability of the osteoblast CRL-1543 was evaluated and compared to a
negative control using the neutral red assay using a spectrophotometer set at 540 nm.
The outcomes demonstrated that the materials were not cytotoxic. Following 72 h
of incubation, hydroxyapatite revealed 123% viable cells, Natural Coral revealed
99.43%, and Polyhydroxybutarate revealed 176.75%. The cytotoxicity test in this
investigation primarily focused on the chemicals that leached out of the biomaterial.
The outcomes demonstrated the materials’ lack of toxicity and their ability to support
biofunctional cell growth.

Prado et al. [8] evaluated NHA powders using fish waste (Micropogonias furni-
eri). It was incubated (0.05 g/ml concentration) in osteoblast cell lines placed in
oaMEM culture medium with 10% fetal bovine serum and 1% antibiotic. I vitro
cytotoxicity was analyzed based on its incorporation in the cells using Alamar Blue
assay. Pre-osteoblast cells on 3rd and 5th day demonstrated reduced cytotoxicity. Also
DNA quantification revealed reduced concentration and quantitative RT-PCR did not
reveal any significant difference between the control and test group.

Panda et al. [9] prepared NHA powder obtained from fish scales (fresh water fish-
Labeo rohita and Catla catla). MTT assay was carried out using Mesenchymal stem
cells derived from cord blood. Cell viability was found to be enhanced on the 5th day.
DNA quantification assay revealed increase in DNA content.

Lee et al. [10] fabricated chitosan based micro- and nano-hydroxyapaptite as scaf-
folds for bone tissue engineering. In vitro cell viability and cell proliferation assay on
osteoblast cell lines revealed the NHA to be biocompatible and promote cell growth.

Venkatesan et al. [11] isolated NHA from salmon fish bone. Cytotoxicity was
assessed in cultured MSCs using MTT assay. Up to 100 pg/ml NHA was found to
noncytotoxic to MSCs. Cell interactions observed using optical microscopy revealed
no changes in MSCS incorporated with NHA.

Pon-on et al. [12] synthesized calcium phosphate of HA powder from the fish
scales of Probarbus jullieni. Fish scale derived NHA was found to be biocompatible
with osteoblast cell lines. The cells exhibited greater adhesion and spreadability on
these fish scale-based NHA as compared to synthetic HA.

Shi et al. 2018 used mouse preosteoblast MC3T3-E1 in an alkaline phosphatase
activity investigation and the MTT cell viability assay to assess the cytocompat-
ibility of calcined nHAP [13]. According to the results of a cell experiment, nHAP
derived from rainbow trout and salmon bones had superior biological compatibility
than nHAP derived from cod bone and chemically synthesized HAP (cHAP). The
inclusion of CO3*” and Mg”* in the nHAP generated from rainbow trout and salmon
bones is most likely to blame for this difference in element composition. As a result,
the natural waste fish bone product (nHAP) derived from rainbow trout and salmon
bones has a promising possibility for utilization as an alternative for biomaterial in
bone tissue engineering and may be employed as hydroxyapatite.

2.1.2 Hemocompatibility test

Lu [14] carried out hemocompatibility test for nHA-chitosan composite in rabbit
blood diluted with saline solution and assessed using spectrophotometer. It revealed
good hemocompatibility.

81



Novel Biomaterials for Tissue Engineering

2.2 Invivo toxicity evaluation of NHA
2.2.1 Implantation test

The most crucial factor in determining biocompatibility of a biomaterial is its
response locally and systemically once implanted in iz vivo models [1, 5]. It needs to
be assessed for integration, or biodegradation within the animal models (ISO 10993-
6,2016) [1].

In vivo study on rat calvarial defects revealed chronic inflammatory infiltrate in
response to nHA (from marine biowaste generated from Micropogonias furnieri), after
the 7th and 15th day which was absent after 30 days of the implantation [8].

Strombus gigas (conch) shells and Tridacna gigas (Giant clam) shells were con-
verted to NHA bone implants using hydrothermal method [15]. This was placed in
femoral defects in rats to assess whether they can be used as block grafts for load-
bearing areas. The study revealed good biocompatibility with definitive osseointegra-
tion for bulk shell derived NHA.

NHA derived from dolphin (Neophocaena asiaeorientalis) back bone was combined
with poly-L-lactic acid (PLA) and compared with standard PLA [16]. Both were sub-
cutaneously implanted to assess toxicity iz vivo. There was no severe immunological
response to this NHA composite in the subcutaneous tissues of the Sprague-Dawley
rats.

Nandi et al synthesized NHA scaffolds from sea corals [17]. The in vivo tests were
done in tibial defects in New Zealand white rabbits. Eighteen rabbits were divided
into three groups. In the first group only coralline NHA implant was placed. In the
second group insulin growth factor-1 was incorporated into the coralline NHA
implant prior to placement. In the third group bone morphogenetic protein-2 was
incorporated into the coralline NHA implants. After 90 days of implantation bone
histology slides revealed healthy bone formation in all the groups however the quality
of bone was the best in group two.

2.2.2 Acute systemic toxicity

Lu et al. [14] utilized hydroxyapatite from pig bones and combined with chitosan
to form a composite bone graft material. The acute systemic toxicity was assessed in
30 Kumming rats after injecting the extract of the composite material. The mice in
the experimental group did not show any signs of toxicity.

Lee [16] assessed a composite of NHA derived from dolphin backbone with PLA
in Sprague-Dawley rats. After eight months systemic toxicity was assessed based on
response in the liver and kidneys to the NHA based implant. There was no significant
difference in the hepato- and nephro-toxicity indicators between the test and control
groups after eight months.

2.2.3 Genotoxicity

Genotoxicity involves assessment of any mutations or chromosomal abnormalities
in response to the medical device being tested [1, 5]. Genotoxicity testing is usually
not carried out if the chemical characterization of extracts from the device has been
already carried out. Also, if there is sufficient literature stating that the components
of the device have been tested for genotoxicity these tests are not repeated for the
device [1].
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Yamamura et al. [18] synthesized hydroxyapatite from Whitemouth croaker
(Micropogonias furnieri) fish waste. They carried out genotoxicity assessment after 30
days in the vital organs in Wistar rats following subcutaneous implantation of nHA in
of the animals. NHA obtained was found to have no cytotoxicity and genotoxicity.

There are no reports till date on intracutaneous reactivity and skin sensitization
assay.

2.2.4 Pyrogenicity test

Lu [14] examined the pyrogenicity of nHA-Chitosan composite in New Zealand
rabbits. Rectal temperature was recorded ten minutes after injecting the extract
in the ear vein. No significant variation in the body temperature of the rabbit was
found.

2.2.5 Carcinogenicity assessment

Lu [14] assessed teratogenicity/mutagenicity of nHA-Chitosan using rabbit
calvarial defect models. The graft material was placed in the defects and these were
reassessed after six months and no genetic changes were found.

2.3 Performance and efficacy evaluation

Implantation test is crucial to determine the performance and efficacy of the
medical device [1]. Biocompatibility and efficacy of the bone grafts can be evaluated
simultaneously through critical size defects in animal models ISO10993-6 (2016)
(FDA, 2016) [1]. As per the ISO guidelines these tests need to be carried out in identi-
cal test and control groups with minimum 10 implantation sites.

Similarly Prado et al. [8] evaluated the biological performance and biocompat-
ibility of NHA simultaneously in rat calvarial defects. Runx-2 expression following
immunohistochemistry was detected after 7th, 15th and 30th day indicative that the
nHA might be osteoinductive in nature.

Oryan et al [19] evaluated salmon fish bone and demineralized bone matrix
implanted in the radial bone defect model (murine study). Radiographic, histopatho-
logical and biochemical evaluation was found to be favorable. There was evidence of
new bone formation on routine histopathological examination on 35th and 56th day
postoperatively.

3. Toxicology aspects in major applications of natural hydroxyapatite
3.1In membrane protein interactions

Xu et al. [20] studied the interaction of nanoscale hydroxyapatite with cyto-
chrome c, a heme protein in the inner mitochondrial membrane, and hemoglobin, an
iron-containing metalloprotein, in zebrafish embryonic development. Experimental
results showed that the interaction was formed by intramolecular charge and hydro-
gen bond interactions. The two functional proteins are cross-linked by charge and
hydrogen bond interactions between hydroxyapatite particles aggregated colloidally.
Therefore, this study found hydroxyapatite can accumulate in larger particles around
membrane proteins and is toxic to zebrafish embryo development.
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3.2 In dentine surface coating

Nano-sized hydroxyapatite can be used as a coating material for the remineraliza-
tion of caries dentin specimens [21]. This study found that dentin specimens could be
effectively coated with hydroxyapatite and there was no evidence of toxicity. In addi-
tion to its nontoxic effects, hydroxyapatite also actively contributed to the viability of
L929 fibroblasts and showed antibacterial effects against certain bacteria responsible
for caries.

3.3 In bone marrow stem cells

Remya et al. [22], has studied the molecular toxicity of the hydroxyapatite

nanoparticles using mouse bone marrow mesenchymal stem cells. The MTT assay
showed that hydroxyapatite did not cause any kind of cytotoxicity up to 800 pg/
ml. Moreover, when the oxidative stress induced apoptosis and the levels of reactive
oxygen species generation were studied, it was giving a result which was not signifi-
cantly different from the control group, which concludes the nontoxic or safe nature
of hydroxy apatite especially in mesenchymal stem cells.

3.4 In bone tissue engineering scaffolds

Paras et al., 2020 performed a toxicological assessment of highly porous nano-
hydroxyapatite-based scaffolds [23]. In vitro genotoxicity was measured using the
Comet assay and evaluated for systemic subchronic toxicity by oral administration of
nano calcium hydroxyapatite covered with a small scaffold layer for 120 days. These
nanohydroxyapatite-based scaffolds had minimal risk, as evidenced by genotoxicity
and systemic toxicity studies. No genotoxic effects were seen even at high concentra-
tions of 50 mg nanohydroxyapatite scaffolds. In addition, daily oral administration
of nanohydroxyapatite-based scaffolds at high concentrations over extended periods
did not induce significant adverse changes in the internal organs of the test animals.
This subacute, chronic toxicity study shows that this may be a promising advance in
mimicking natural bone in terms of structural and mechanical properties.

3.5 Intravenously as a drug vehicle

In a study conducted by Liu et al. 2005 [24], hydroxyapatite solutions were
injected intravenously into rabbits at different concentrations, and the response
and viability of the rabbits were observed to study the effect of nanohydroxyapatite
on living organs. Nanohydroxyapatite had no cumulative toxicity to rabbits and is
considered to be safe. It can be intravenously administered with hydroxyapatite as a
drug carrier at a low dose lower than the average lethal dose.

3.6 In bone grafting applications

Several studies demonstrated the ability of hydroxyapatite to generate a positive
environment for facilitating new bone tissue growth and regeneration. It results in
perfect incorporation of the graft without undergoing any development of severe
immune response. Calcium hydroxyapatite-based bioceramics show excellent bio-
compatibility, corrosion resistance, and excellent compressive strength, making them
good candidates for implants.
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Natural hydroxyapatite is the most successful in bone graft applications due to
its low toxicity and resemblance to the mineral bone, with properties that promote
osseointegration and new bone formation processes. Rincén-Lépez et al. 2018;
showed that alternative allogeneic transplant materials derived from naturally
occurring heterologous hydroxyapatite have been developed [25]. Heterologous bone
graft materials can be used as fully crystalline, naturally porous, bovine-derived
hydroxyapatite (all collagen protein removed) in a particle size range of 250-450 pm.
Organic matter is previously been removed, but the bone microstructure is preserved.
Hydroxyapatite has been used in a variety of biomedical applications because it is
synthetically or naturally produced and has the ability to form a bone-like apatite
layer primarily at the interface between bone tissues.

4, Conclusion

Various studies support the biocompatibility of natural hydroxyapatite and have
concluded that it is appropriate for bone substitution. The biological waste fish bone
products is suitable for the production of hydroxyapatite as part of bio-waste treat-
ment, and the nHAP derived using rainbow trout and salmon remains has significant
promise for usage as an implant product alternative in tissue engineering of bones.
Bone tissue engineering has come up as a novel field in regenerative medicine and
biomaterials have three-dimensional essential functions of cell adhesion, diffusion,
proliferation, differentiation, and tissue formation. The application of hydroxyapatite
nanoparticles in the biopolymer matrix enhances the mechanical strength and nano
topographical characteristics which resembles the nanostructures of natural bone.
Based on the reported studies, the integration of beneficial effects of natural absor-
bent polymers and nanoscale sized bioactive ceramic components has been found to
be important for usage in bone regeneration. Natural hydroxyapatite is known for its
biocompatibility, and bioactivity which is called as the ability to form direct chemical
bonds with surrounding tissues, osteoconductive, nontoxicity, noninflammatory and
nonimmunogenic properties. Therefore, natural hydroxyapatite is one of the ideal
materials for bone tissue engineering due to its biocompatibility and mechanical
strength.
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Novel Titanium Alloys for Tissue
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Abstract

Taking into account the speed of industrial development and market request for
novel biocompatible alloys, the urge of creating sustainable materials pushes the
research forward. Among the many biomaterials that can be incorporated into the
human body, in the class of metal alloys, titanium and titanium alloys are regarded as
some of the most important biomaterials because of their resistance to the effects of
body fluids, high tensile strength, flexibility, and corrosion resistance, as well as their
unique combination of strength and biocompatibility. In present chapter several novel
recipes for titanium alloys are presented and characterized (Ti-Mo-Si and Ti-Mo-Zr-
Ta-Si systems).

Keywords: titanium alloys, high biocompatibility, low Young modulus, morphological
characterization, biocompatibility assessment

1. Introduction

Biomaterials are substances that are utilized to replace a piece of a living system
or work closely with a live tissue. Materials that come into touch with live tissues and
their biological fluids might be natural, synthetic, or composite. Metals, polymers,
ceramics, and composites are the four major categories into which biomaterials are
categorized. They are utilized in the medical industry in a variety of forms, includ-
ing complete pieces, particles/powders, fibers, thin films, thick coatings that are
either porous or non-porous, etc. Implants and other medical devices range in size
from a few nanometers to a few centimeters, with a variety of forms and geometries.
Additionally, many biomaterials need their surfaces modified in order to provide the
intended biological effects [1, 2].

Typically, biocompatible alloys are employed in bone replacement when we talk
about them. Bone functions as an organ together with its numerous ancillary com-
ponents, including connective tissue, cartilage, neuron, and vascular parts. They aid
in protecting and supporting soft tissues while collaborating with skeletal muscles
to enable movement of the body. Bones are rather hard structures, and they closely
resemble one another in terms of shape and function [2]. Internal or external fixation
is an element of the therapy for long bones since they are prone to damage. Another
significant procedure where the bone has to absorb biomaterials is joint replacement.
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The process of regeneration is interrupted by the bone’s reaction to the biomaterial.
However, because they are inert, materials placed in bone will cause local and sys-
temic biological reactions. An adaptive and reactive process involving several factors
will be triggered by host reactions to joint replacement and fixation materials [3-9].

The field of biomaterials is in continuous growth due to the aging population
as well as general population growth. In an effort to regain form and function and
increase the quality and duration of human life, biomaterials, which can be artificial
or natural, are utilized to repair or replace a biological component that has been lost
or destroyed. Biomaterials are employed in many different sections of the human
body, including the heart, blood arteries, orthopedic implants, teeth, and stents [2,
10, 11]. They are also used as cardiac pacemakers and for urinary and digestive tract
reconstructions. Of all, the largest number of implants is for orthopedic prostheses,
such as those for the limbs, spine, hip and knee. According to the current growth
in the demand for orthopedic implants, it doubles at least every 10 years, and the
demand for knee prostheses triples. This is due to the degenerative illnesses that
affect human joints, such as osteoarthritis (joint inflammation), osteoporosis (bone
thinning), and trauma, which can cause pain or function loss. Due to excessive stress
or the lack of the normal biological self-healing mechanism, degenerative illnesses
cause the mechanical characteristics of the bone to deteriorate. Artificial biomaterials
are the answers to these issues, and their surgical implantation aids in the functional
restoration of structures that might otherwise be impaired. However, revision proce-
dures for hip and knee implants have also grown, in addition to replacement surgery.
These painful revision procedures are incredibly costly, and they also have a very poor
success rate [2-7].

The goal of current research is to create implants that can last far longer, maybe
without failing, and even without the need for revision surgery. Therefore, it is
crucial to design a suitable material with a long lifespan, great corrosion resistance in
the body environment, a good mix of high strength and low Young’s modulus, high
fatigue and wear resistance, high ductility, excellent biocompatibility, and no cyto-
toxicity [1].

Metallic biomaterials, which are typically utilized for support applications, need
to have enough fatigue strength to endure the rigors of everyday activity. For applica-
tions like articular surfaces in joints and teeth, as well as bone bonding surfaces in
implants, ceramic biomaterials are typically chosen for hardness and wear resistance.
Polymeric materials have historically been employed for low-friction articulated
surfaces due to their flexibility and stability. As a result, titanium becomes one of
the most attractive engineering materials for several applications, and due to their
exceptional qualities, in its biocompatibility, low modulus and corrosion resistance
[5-7, 12-14]. Implant materials should not be harmful and should not result in allergic
or inflammatory responses in people. The effectiveness of biomaterials is largely
determined by how the body responds to the implant, and this determines a mate-
rial’s biocompatibility. The host reaction a material induces and the degradation of
the substance in the bodily environment are the two key determinants of a material’s
biocompatibility.

The host and implant material respond in a variety of ways when exposed to
human tissues and bodily fluids, and these interactions determine whether the
implant material is acceptable to the human body.

Issues related to biocompatibility encompass thrombosis, which involves the clot-
ting of blood and the adherence of blood platelets to the surface of biomaterials, as
well as the formation of fibrous tissue around implanted biomaterials in soft tissues.
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2. Necessary properties of biomaterials

A biomaterial’s entry into a living thing impacts how the implant and tissue interact,
which might lead to opposing responses. They could be biological, mechanical, elec-
trochemical, or toxicity. Even the utilized assembly or the nearby bone or tissue may
sustain severe injury. These occurrences lead to corrosion on the surface of the implant,
which degrades its quality depending on the quality of the biomaterial, the location of
implantation, and other factors. A biomaterial must have one or more of the following
characteristics, depending on the medical application to which it lends itself [15-25].

2.1 Mechanical properties

The selection of a material type is influenced by crucial mechanical properties such
as hardness, tensile strength, Young’s modulus, and elongation. Biomechanical incom-
patibility arises when an implant fractures due to mechanical failure. Consequently,
it is expected that the chosen material for bone replacement would possess similar
mechanical characteristics. The Young’s modulus of bone varies between 4 and 30 GPa
[15-26], depending on the type of bone and the direction of measurement.

2.2 Osseointegration

Implant loosening is caused by the implant surface’s failure to osseointegrate with
the surrounding bone and other tissues as a result of motions [27]. Another crucial ele-
ment of employing metal alloys in bone applications is osseointegration, which is the
capacity to join with bone. For the implant to be safe and functional for the duration
of its life, bone fusion with the implant is necessary. It is evident that surface chemi-
cal and physical features have a significant impact on implant-surface interactions
through altering cell behavior, growth factor production, and osteogenic gene devel-
opment, despite the fact that surface cellular processes are not well known [5, 15-18].

In certain scenarios, despite achieving initial stability of the implant, the bone
may experience retraction or become disconnected from the implant due to various
factors [14, 28-30]:

* The implant’s reaction with foreign substances, leading to toxic emissions from
the implant.

* Bone damage or injury resulting from surgical trauma.

* Imposition of abnormal or nonphysiological conditions on the bone, such as
fluid pressures or movement against implant components.

* Modification of mechanical signals that promote bone densification.
* Reduction of stress or protection of the replaced or neighboring bone.
2.3 Corrosion testing
In some measure, all metal implants corrode electrochemically. This is bad because

the structural integrity is reduced during the degradation process, and the degrada-
tion products may negatively affect the host. Wear and electrochemical dissolution
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are both causes of metal implant deterioration, however the two are most frequently
combined to cause degradation. Both generalized dissolution, which evenly affects
the whole surface, and localized regions of a component are involved in the electro-
chemical corrosion process [14, 30]. The strength of the oxidation/reduction pro-
cesses that drive corrosion (thermodynamic driving forces) and the physical barriers
that regulate the kinetics of corrosion are what determine how much metal implant
corrosion occurs. These two factors that affect how biomaterials corrode in real life
can be broken down into a variety of factors, including: geometrical parameters (e.g.
surface microstructure, oxide structure and composition), mechanical variables (e.g.
stress and/or relative motion) and solution variables (e.g. pH, proteins in solution and
enzymes) [2].

Because metal alloys come in touch with a particularly harsh environment, such
as bodily fluid due to the presence of chloride ions and proteins, corrosion resistance
of a surgically implanted alloy is a crucial property. The alloy’s metal components are
converted to their ionic states during the corrosion process, and the dissolved oxy-
gen is transformed into hydroxide ions. The passive coating that forms on an alloy’s
surface and the presence of alloying elements have a significant impact on how well
an alloy resists corrosion.

2.4 Wear resistance

Because of the heterogeneous lubrication regime, wear always happens in artificial
joints. An prosthetic hip joint moves, creating billions of minute particles that are
removed by the motions. The joint capsule’s tissues are home to these particles, which
might cause unfavorable responses from external bodies. Histocytes and large cells
phagocytose the discharged particles and produce tissues that resemble granulomas.
They interfere with bone resorption, which causes osteolysis, at the level of the layer
that separates the implant from the bone. The performance of the device is influenced
by the use of different materials for the femoral head and cup. Over time, various
material and surface treatment combinations have been employed in the development
of endoprostheses to minimize wear. Currently, the primary metallic materials uti-
lized for biomedical applications include 316L stainless steel, cobalt chromium alloys
(CoCr-), titanium-based alloys (such as Ti-6Al-4V, TiMo-), as well as other materials
like tantalum, gold, and dental amalgams. Titanium alloys are increasingly preferred
over other materials due to their exceptional qualities, including high strength, low
density, excellent corrosion resistance, complete inertness in the body environment,
improved compatibility, low Young’s modulus, and the ability to fuse with bones or
other tissues. These alloys outperform traditional stainless steels and cobalt-based
alloys due to their lower Young’s modulus, enhanced biocompatibility, and superior
corrosion resistance [15-26]. Consequently, titanium and titanium alloys are com-
monly employed as replacements for hard tissues in artificial bones, joints, and dental
implants, given their aforementioned attributes.

2.5 Biocompatibility

One of the most important properties of biomaterials is biocompatibility, which
refers to the ability of a material to perform its intended function without causing
adverse reactions in the body. The biomaterial should not elicit toxic or immune
responses and should be well-tolerated by the host tissue.
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2.6 Bioactivity

Biomaterials may have inherent bioactivity, meaning they can interact with the
surrounding biological environment to facilitate specific biological responses. For
example, bioactive materials can promote cell adhesion, proliferation, and differen-
tiation to support tissue regeneration.

3. Titanium and its alloys

William Gregor initially found titanium as a metal in 1791, but Klaproth gave it the
name titanium in 1795. Titanium and its alloys are used in a variety of fields including
shipbuilding, aviation, automotive, energy, medicine, and sports equipment due to
their low density, high strength-to-weight ratio, good biocompatibility, improved
corrosion resistance, plasticity, and good mechanical properties.

Titanium and its alloys are extensively used as biomaterials due to their excep-
tional biocompatibility, remarkable corrosion resistance, and favorable mechanical
properties. These metals possess a specific elastic modulus and low density, which
enables them to exhibit mechanical behavior similar to that of bones. Among the
materials suitable for implantation in the human body, titanium stands out as it is
lightweight, durable, and biocompatible. In the field of biomedicine, commercial
pure titanium (C.P. Ti) and its alloys, such as Ti-6Al-4 V and Ti-Mo, are widely
employed. They serve as popular alternatives for hard tissue in artificial joints,
bones, and dental implants. The low elastic modulus of titanium and its alloys is
often considered advantageous in terms of biomechanics, as it can lead to reduced
stress shielding [3-7]. Another noteworthy characteristic of titanium-based materi-
als is their tendency to form an extremely thin, adherent, and protective coating of
titanium oxide. This feature further enhances the potential of titanium and its alloys
as promising biomaterials for implants. One of the main requirements for titanium
and its alloys’ exceptional biocompatibility and corrosion resistance is the existence
of this spontaneously generated oxide coating during the passivation or repassivation
process.

Due of its poor mechanical qualities, cp titanium (purely commercial) is used
mostly for dental implants in terms of medical applications. Alloys with Al, V, Mo,
and other elements are utilized in applications where good mechanical proper-
ties are necessary, such as hip implants, knee implants, bone screws, and plates.
Artificial hip joints, which comprise of an articulated bearing (femoral head and
cup) and stem, are one of the most prevalent uses for titanium alloys. The metal
parts of the hip cup and stem are constructed of titanium. They frequently protect
the knee joint and have a polyethylene joint surface and titanium femoral and tibial
components [3-7].

By adding alloying elements, it gives titanium a wide field of applicability through
different microstructure and properties. Thus, the alloying elements are divided into
three categories:

e stabilizers a: C, N;, O,, Al;
* p stabilizers: V, Nb, Mo, Ta, Fe, Mn, Cr, Co, W, Ni, Cu, Si, Hy;

* neutral elements: Zr, Sn, Hf, Ge, Th.
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In the medical field, the Ti-Al-Mo, Ti-Al-Cr, Ti-Al-V, Ti-Al-Cr-Mo systems are
used, with excellent biocompatibility in contact with living tissues. Titanium grade
4JSO 5832/11 is used for the manufacture of dental implants. The advantages of using
titanium in implantology reside in resistance, reliable technological process of obtain-
ing, easy processing by conventional and non-conventional means, acceptable price.

3.1 Beta-type titanium alloys

Beta-type titanium alloys primarily contain high concentrations of beta-phase
stabilizers, giving these alloys a predominantly beta structure at room temperature.
While pure titanium has a hexagonal close-packed (hcp) crystal structure, beta-type
alloys can contain beta phases with a body-centered cubic structure, providing a
unique combination of mechanical and chemical properties.

Some characteristics of beta-type titanium alloys include:

* High strength: these alloys can exhibit superior mechanical strength, making
them suitable for high-demand applications such as in the aerospace industry or
military components.

* Corrosion resistance: titanium itself is already corrosion-resistant, but beta-type
alloys can enhance this property, making them ideal for use in aggressive envi-
ronments, such as in the oil and maritime industries.

* Biocompatibility: beta-type titanium alloys are known for their high biocompat-
ibility, which means they can be used in medical applications, such as orthopedic
or dental implants.

* Ductility and formability: these alloys can be processed to obtain a variety of
complex shapes due to their ductility.

* High operating temperature: some beta-type alloys can be used in applications that
require performance at high temperatures.

* High strength-to-weight ratio: due to the lightweight nature of titanium and the
good mechanical properties of beta-type alloys, these materials have an impressive
strength-to-weight ratio, making them ideal for aerospace and space applications.

It is important to mention that the specific properties of a beta-type titanium
alloy may vary depending on its exact chemical composition and the manufacturing
processes used. By adjusting the proportions of alloying elements, titanium alloys
with specific properties can be obtained for various industrial/medical applications.

3.2 Applications of titanium and its alloys

Titanium and its alloys have found extensive applications in various fields due to
their unique combination of properties. Here are some few examples of the diverse
applications of titanium and its alloys. The unique properties of titanium make it a
valuable material in various industries where high strength, corrosion resistance,
biocompatibility, and lightweight characteristics are essential.
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Biomedical implants: titanium and its alloys are widely used in the field of biomedi-
cal implants, such as orthopedic implants (hip and knee replacements, bone plates,
and screws), dental implants, and cardiovascular implants. Their biocompatibility,
corrosion resistance, and high strength-to-weight ratio make them suitable for long-
term implantation in the human body.

Aerospace industry: titanium alloys are extensively utilized in the aerospace
industry due to their exceptional strength, lightweight nature, and high heat
resistance. They are used in aircraft components, including structural components,
landing gear, engine parts, and fasteners, where strength and corrosion resistance
are critical.

Chemical processing: titanium and its alloys are resistant to corrosion in various
aggressive chemical environments, making them suitable for chemical processing
equipment. They are used in reactors, heat exchangers, pipes, valves, and other
components that come into contact with corrosive substances.

Marine industry: the excellent corrosion resistance of titanium and its alloys
makes them valuable for marine applications. They are used in ship hulls, propellers,
offshore structures, and desalination plants, where exposure to seawater and harsh
marine environments is prevalent.

Sports equipment: titanium and titanium alloys are employed in sports equipment,
particularly in the production of bicycles, golf clubs, tennis rackets, and other light-
weight and high-performance sporting goods. The strength, durability, and lightness
of titanium contribute to improved performance and reduced weight.

Automotive industry: titanium alloys find limited use in the automotive industry,
primarily in high-performance vehicles. They are utilized in exhaust systems, engine
components, suspension systems, and other parts where high strength and corrosion
resistance are required.

Avrchitecture and design: titanium is increasingly being used in architectural applica-
tions due to its esthetic appeal, durability, and resistance to corrosion. It is utilized in
building facades, roofs, sculptures, and other artistic structures.

Electronics and consumer goods: titanium and its alloys are utilized in the produc-
tion of electronic devices and consumer goods. They are employed in smartphones,
laptops, watches, jewelry, eyewear frames, and other products where lightweight,
corrosion resistance, and esthetic qualities are desired.

4. Novel titanium alloys

Titanium alloys have gained significant popularity and are widely preferred for
orthopedic implants in the biomedical field.

In recent years, our research group has focused on obtaining and characterizing
new titanium-based alloy recipes with non-toxic elements. This chapter contains a
copy of our latest research.

In the study;, a series of new recipes were taken, thus several elements were
selected such as: Mo, Zr, Ta and Si, to create a f-type titanium alloy. In Table 1 is
presented two main groups of alloys have been developed TMZT (Ti-Mo-Zr-Ta) and
TMS (Ti-Mo-Si) with low elastic modulus, strength and good biocompatibility. The
titanium alloys were developed in a vacuum electric arc furnace using high purity
metals: Ti 99.80%, Mo 99.70%, Zr 99.20%, Ta 99.50% and Si 99.20%. The samples
were remelted consecutively at least five times for homogenization.
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Proposed alloy Abbreviation
Ti20Mo ™
Ti20Mo0,5Si TMO.5Si
Ti20Mo0,75Si TMO0.755i
Ti20Mo1Si TM1Si
Ti20Mo7Zr15Ta TMZT
Ti20Mo7Zr15Ta 0,55i TMZTO0.55i
Ti20Mo7Zr15Ta 0,75Si TMZTO0.755i
Ti20Mo7Zr15Ta 1Si TMZT1Si
Table 1.

Developed Ti-based alloys.

The vacuum electric arc furnace is chosen as the method for obtaining titanium
alloys due to its ability to produce high-purity materials by minimizing contamination
from impurities in the controlled vacuum environment [15, 20].

Adding silicon to Ti-Mo (TM) and Ti-Mo-Zr-Ta (TMZT) alloys can bring several
significant benefits. Silicon is an alloying element with specific properties that can
enhance the performance and characteristics of these alloys. Here are some of the
advantages of adding silicon to these alloys:

* Phase stabilization: silicon can help stabilize the alpha and beta phases of tita-
nium. This can lead to improved crystal structure and mechanical properties of
the alloys.

* Increased strength: the addition of silicon can contribute to the increased strength
of Ti-Mo and Ti-Mo-Zr-Ta alloys. This is important in applications that require
strong and durable materials.

* Improved corrosion resistance: silicon can enhance the corrosion resistance of these
alloys, making them suitable for use in aggressive environments or industrial
applications.

* Enhanced biocompatibility: the addition of silicon can improve the biocompatibil-
ity of titanium alloys. This is essential in medical applications, such as orthopedic
implants or other medical devices.

* Reduced density: silicon has a lower density than titanium, which canlead toa
slight reduction in the density of the alloys. This can be beneficial in applications
that require lighter materials.

* Improved high-temperature behavior: silicon-containing titanium alloys can
exhibit better stability at high temperatures, making them suitable for applica-
tions involving high-temperature conditions.

It is essential to mention that the exact proportion of silicon and other alloying
elements will influence the specific properties of the alloys. Manufacturing processes
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and heat treatments can also play a crucial role in developing the final characteristics
of the alloys.

In conclusion, adding silicon can bring multiple benefits to Ti-Mo and Ti-Mo-
Zr-Ta alloys, enhancing their performance and expanding the range of possible
applications. In the rest of the chapter, the Ti-Mo, Ti-Mo-Si, Ti-Mo-Zr-Ta and Ti-Mo-
Zr-Ta-Si systems will be abbreviated as TM, TMS, TMZT and TMZTS.

4.1 Methodology

Characterization of biomaterials for medical applications involves a comprehensive
assessment of their physical, chemical, mechanical, and biological properties.

The new alloys obtained were characterized by the following important techniques
in order to demonstrate biocompatibility:

Chemical composition analysis: determining the chemical composition of biomate-
rials is essential to ensure the desired properties and performance. Techniques such
as energy-dispersive X-ray spectroscopy (EDS) can be used to identify the elemental
composition. EDS analysis was carried out using an SEM VEGA II LSH electron
microscope (TESCAN Co., Czech Republic) equipped with an EDX BRUKER/
ROENTEC Co detector (Germany).

Microstructural analysis: this involves examining the microstructure of biomateri-
als at various length scales using techniques such as optical microscopy, scanning
electron microscopy (SEM). Microstructural analysis provides information about the
material’s surface morphology, grain structure, porosity, and presence of any defects
or impurities. The microscopy images, providing high-resolution visualizations, were
acquired using a Zeiss Imager 1 M optical microscope, renowned for its advanced
imaging capabilities. The microscope was equipped with specialized light and dark
field filters, enabling the observation of samples under different illumination condi-
tions and enhancing the contrast and visibility of various features and structures
of interest. To investigate the phases present in the materials, we used a Panalytical
X’Pert Pro MPD Diffractometer (Malvern Panalytical, The Netherlands).

Mechanical testing: the indentation test is a common method used for mechanical
characterization of biomaterials and other materials. It involves applying a controlled
force or load to the surface of the material using an indenter, typically a diamond
or a hardened steel ball, and measuring the resulting indentation depth or the load-
displacement relationship. These tests provide crucial information about the mate-
rial’s ability to withstand mechanical forces and its suitability for specific applications.
Some mechanical properties were determined utilizing a CETR UMT-2 tribometer
(Bruker, Campbell CA, USA). The assessment involved applying a force of 5 N across
a 4 mm distance. The calculated value was the average of three repetitions, and
analysis was conducted using the ViEWER program.

Biocompatibility assessment: biomaterials intended for medical applications must
undergo biocompatibility evaluation. This involves in vitro and in vivo tests to assess
the material’s compatibility with living tissues. Techniques include cell culture studies
to evaluate cell adhesion, proliferation, and viability, as well as animal studies to
assess tissue response, inflammation, and immune reactions.

In vitro biocompatibility tests were conducted on titanium alloy samples by incu-
bating Albino rabbit fibroblasts with the metallic components, measuring cellular
metabolic activity using the MTT assay, and comparing the results with a control
group; the cell viability was calculated as a percentage based on absorbance readings,
and live cells were stained with calcein-AM for fluorescence microscopy imaging.
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In vivo studies were conducted on female sheep to evaluate the integration of tita-
nium alloy fragments implanted in the tibial crest, following surgical procedures and
ethical guidelines; radiographs and high-resolution CT scans were used to monitor
bone repair and peri-implant tissue microstructure, while histological procedures and
immunohistochemical staining provided insights into the tissue response and expres-
sion of osteopontin, MMP2, and MMP9.

4.2 Results and discussion
4.2.1 Obtaining

The study on the elaboration of Ti-based alloys suggested using an electric arc
furnace under a protective atmosphere to ensure homogeneous alloys without
metallic inclusions, utilizing high-purity raw materials and a sequence of operations
including vacuum melting, purging, and multiple remelting cycles, followed by the
preparation of test specimens through cutting, embedding, grinding, and polishing
processes.

4.2.2 Chemical composition

The composition, as detailed in Table 2 [18], provides a comprehensive overview
of the specific elements and their respective proportions present in the material
under investigation. This table serves as a valuable reference, offering insights into
the alloy’s composition and aiding in the understanding of its properties and potential
applications in various fields. We mention that EDS is not a quantitative method to
determine the elemental composition of alloys.

4.2.3 Micvostructural results

In Figures 1 and 2 the specific structure of the studied alloys can be observed,
images obtained by optical microscopy. They have a dendritic structure for TMZT
alloys. In TMS alloys, a p-type structure can be observed, with the formation of equi-
axial grains of different sizes. Acicular and coarse structures specific to p structures
are also present [18].

Alloy Mo Si Zr Ta Ti

™ 6.01 — — — to 100%
TMO.5Si 6.03 0.14 — — t0100%
TMO.75Si 6.12 0.22 — — to 100%
TM1Si 6.05 0.31 — — t0100%
TMZT 19.00 — 8.15 14.50 to 100%
TMZTO.5Si 18.50 0.45 7.00 14.80 t0100%
TMZTO0.75Si 19.50 0.75 6.85 15.04 to 100%
TMZT1Si 19.83 1.03 6.93 14.98 t0100%

Table 2.

Mass composition of alloys obtained by EDS [15, 20] .
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The beta structure with dendrites is a characteristic feature observed in certain
titanium-based alloys, particularly those containing B-stabilizing elements such as
Mo, Zr, Ta, and Si. The beta structure refers to the body-centered cubic (BCC) crystal
structure of the beta phase in titanium alloys.

During the solidification process, when the alloy undergoes cooling and transforms
from a liquid to a solid state, dendritic growth can occur. Dendrites are tree-like,
branching crystal structures that form as a result of anisotropic growth kinetics. In the
case of titanium alloys, dendritic growth is commonly observed in the beta phase.

The dendritic structure in the beta phase is formed due to the preferred crystal-
lographic growth directions, resulting in the elongated and branched morphology
of the grains. The dendritic branches extend into the surrounding matrix, creating a
complex network of interconnected structures. This dendritic morphology provides
an increased surface area, allowing for more efficient diffusion and solid-state trans-
formations within the material.

The presence of dendrites in the beta phase affects the microstructure of the
alloy. The dendritic structure influences various properties of the material, including
mechanical strength, thermal stability, and phase transformation behavior. The size,
shape, and distribution of dendrites can be controlled through different processing
techniques, such as adjusting the cooling rate during solidification or employing grain
refiners.

Furthermore, the dendritic structure in the beta phase can have an impact on the
macroscopic properties of the alloy. For example, the alignment and connectivity
of dendrites can influence the anisotropy of mechanical properties, such as yield

Figure 1.
Optical microstructure of the alloys at 100X. (a) TM, (b) TMo.5Si, (¢) TMo.75Si, and (d) TM1Si [17].
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Figure 2.
Optical microscopy images (a) TMZT, (b) TMZTo.5Si, (c) TMZTo.75Si, and (d) TMZT1Si [15].

strength and fracture toughness. The interconnected dendritic network can also
affect the diffusion paths and the kinetics of phase transformations, leading to
changes in the alloy’s thermal and chemical stability.

Based on the study of Ti-based alloys, including TMS and TMZTS systems, it can
be concluded that the microstructure of these alloys is strongly influenced by the
elaboration method employed.

Based on the diffractograms of the TMxSi (x = 0, 0.5, 0.75, 1 wt.%) TMZTxSi
alloys (x = 0, 0.5, 0.75, 1 wt.%), it can be concluded that the alloys exhibit a predomi-
nantly face-centered cubic (fcc) structure (Figure 3). The primary phase present
in these alloys is the p phase, which is characterized by a centered volume cubic
structure. However, there are also minor secondary phases observed, including the a0
martensite phase and the o phase.

The f phase in the diffractograms of Ti-based alloys refers to a specific crystal-
lographic phase known as the beta phase. This phase is characterized by a centered
volume cubic structure and is commonly present in Ti alloys. The diffractograms
indicate the presence and relative abundance of the § phase in the analyzed TMZTS
alloys.

The f phase is an important constituent in Ti alloys as it significantly influences
their mechanical properties, such as strength and ductility. It is a solid solution
phase that can accommodate various alloying elements, including Mo, Zr, Ta, and Si,
depending on the specific alloy composition. The presence of these alloying elements
can modify the lattice parameters and stabilize the  phase, leading to improved
mechanical performance.
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Figure 3.
Diffractograms alloys studied [15, 17, 20].

In the diffractograms, the peaks corresponding to the f phase can be identified
and analyzed to determine the crystallographic orientation and phase purity. The
positions and intensities of these peaks provide information about the arrangement of
atoms within the crystal lattice and the presence of any additional phases.

The diffractograms may also reveal the presence of minor secondary phases,
such as the «0 martensite phase and the a phase. These secondary phases can form
due to the decomposition of the p phase during the cooling process or as a result of
specific alloy compositions. Their presence can affect the overall microstructure and
mechanical behavior of the Ti-based alloys.

By analyzing the diffractograms, researchers can gain insights into the crystalline
structure, phase composition, and phase transformations occurring in TMZTS alloys.
This information is valuable for understanding the alloy’s properties and optimizing
its performance for various applications, such as aerospace, biomedical implants, and
structural materials.

4.2.4 Mechanical properties

In Table 3 are presented the specific mechanical properties obtained through
indentation for each alloy within the TMS and TMZT systems, highlighting
their respective Young’s modulus, hardness, and specimen Poisson Ratio. This
analysis will provide valuable insights into the mechanical behavior and potential
applications of these alloys, aiding in the advancement of materials science and
engineering.

The comparison reveals how different alloy compositions within each system
impact the mechanical properties. Additionally, the comparison between the TMS
and TMZT systems provides valuable information on the influence of alloying ele-
ments on the overall material characteristics. Figure 4 shows a graphic comparison of
the modulus of elasticity between the classic alloys and the newly developed titanium
alloys. As can be seen, the newly developed alloys have a very low modulus of elastic-
ity compared to classic alloys.
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Alloy Young modulus (GPa) Hardness (HV) Specimen Poisson Ration
™ 5754 376.30 0.23
TMO.5Si 37.86 239.60 0.23
TMO.75Si 29.06 216.20 0.23
TM1Si 26.22 210.80 0.23
TMZT 53.58 305.34 0.23
TMZTO.5Si 54.25 339.24 0.23
TMZT0.7551 56.38 315.27 0.23
TMZT1Si 63.88 274.64 0.23
Table 3.

Some mechanical characteristics of alloys obtained by indentation [15, 20].

The TMZT system generally displays higher Young’s modulus and hardness values
compared to the TMS system. This implies that the TMZT system alloys possess
greater stiffness and better resistance to wear and deformation. However, it’s impor-
tant to note that the specific alloy compositions and intended applications can further
influence the performance and suitability of these systems.

In orthopedics, the Young’s modulus is of paramount importance as it directly
influences the performance and behavior of implant materials used in prosthetic
devices, joint replacements, and other orthopedic applications. A suitable Young’s
modulus is crucial to ensure that the implant material closely matches the mechanical
properties of the surrounding natural tissues. If the implant’s Young’s modulus is sig-
nificantly different from that of the bone or tissue, it may cause stress concentrations,
leading to potential implant failure, discomfort, or long-term complications.

Comparing Ti-based alloys to classical alloys used in orthopedics, such as stainless
steels or cobalt-chromium alloys, the Ti-based alloys obtained exhibit a lower Young’s
modulus. This lower modulus makes Ti-based alloys more favorable for orthopedic
implants since they are closer in mechanical properties to natural bone. By mimicking
the elasticity of bone, Ti-based alloys can help reduce the stress shielding effect that
occurs when a stiffer implant causes bone resorption due to inadequate load transfer
to the surrounding bone. Consequently, Ti-based alloys have the advantage of poten-
tially providing a more successful and long-lasting integration with the patient’s bone,
improving the overall performance and biocompatibility of orthopedic implants.

Overall, these alloys exhibit a range of mechanical characteristics, such as stiff-
ness, hardness, and consistent response to applied forces. Each alloy’s unique com-
bination of properties makes them suitable for specific applications, allowing for
versatility and tailored performance in various engineering scenarios.

4.2.5 In vitvo studies

Biocompatibility in vitro is of paramount importance in the evaluation and
development of biomedical materials and implants. It involves studying the interac-
tions between the materials and living cells under controlled laboratory conditions.
The importance of in vitro biocompatibility testing lies in its ability to provide valu-
able insights into the potential effects of materials on cellular behavior, viability,
and functionality.
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Figure 4.
Graphical comparison of the modulus of elasticity.

By subjecting materials to cell cultures, researchers can evaluate factors such
as cell adhesion, proliferation, metabolic activity, and morphology. These assess-
ments help determine the compatibility of the materials with living tissues and
cells, providing essential information for biomedical applications. Furthermore,
in vitro biocompatibility testing allows for the identification of potential cytotoxic
effects or adverse reactions that may arise from the interaction between materials
and cells.

In the case of the presented study, primary Albino rabbit fibroblasts were utilized
to assess the biocompatibility of the alloys. The use of standardized protocols and
tests such as the MTT assay ensures reliable and reproducible data, allowing for
accurate comparisons between different materials and controls.

Understanding the biocompatibility of materials is crucial for the development of
safe and effective biomedical devices, implants, and drug delivery systems. In vitro
testing serves as an initial step in the evaluation process, providing valuable informa-
tion before progressing to more complex in vivo and clinical studies.

Experimental procedures:

* The biocompatibility of the alloys was assessed through in vitro tests using
primary Albino rabbit fibroblasts.

* Cellular metabolic activity was measured using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay, and the results were compared
with a control group [20, 30-33].

* A solution called penicillin/streptomycin/neomycin (P/S/N), composed of
specific quantities of penicillin, streptomycin, and neomycin in sterile water,
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was used as the standard modified Dulbecco’s Eagle medium (DMEM) for cell
culture [34-37].

* The experimental procedure involved seeding cells in 12-well plates at an initial
density of 5 x 10° cells/cm” in complete medium and incubating them overnight
at 37°C and 5% CO..

* The alloy samples were disinfected using a sterile 70% ethyl alcohol solution for
30 min, followed by washing with sterile water and phosphate-buffered saline
(PBS) [34-37].

* Decontaminated samples were then placed in DMEM complete culture media
and cultured for 24 h at 37°C, 5% CO,, and 97% humidity.

* The pre-plated cells received the sterilized alloy samples and were cultured for
different time intervals (24, 48, and 72 h).

* MTT assays were performed at each time point to assess cell viability.

* After the incubation, MTT working solution was added to the cells and incu-
bated in the dark at 37°C and 97% humidity.

* The formation of MTT formazan crystals, indicative of live cells, was observed
and dissolved using acidified isopropanol.

* The colored solution was measured at a wavelength of 570 nm using a Tecan plate
reader modified with Magellan V7.1SP1 Sunrise model software.

* Cell viability was calculated as a percentage using absorbance values, comparing
cells cultured with the metal alloys to the control group incubated with PBS [20].

* Additionally, live cells were stained with calcein-AM, a fluorescent dye that
produces green fluorescence in live cells.

¢ Albino rabbit fibroblasts and the human osteosarcoma cell line MG63 were
employed for this staining.

* The cell-populated metal alloys were washed with HBSS and stained with
calcein-AM according to the kit’s instructions.

* The hydrolyzed calcein fluorescence was visualized using a fluorescence micro-
scope with a 455 nm excitation and 530 nm emission filter [20].

In conclusions, the cytocompatibility assessment of the metallic materials was
successfully conducted using in vitro tests with cell cultures. Primary Albino rabbit
fibroblasts were chosen as the cell model for these experiments. The evaluation of cell
viability was performed through the MTT test, which involved incubating the metal
alloys with cell cultures for varying durations (24, 48, and 72 h). These assessments
provided valuable insights into the biocompatibility of the alloys and their potential
for biomedical applications.
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Figures 5 and 6 present the data obtained from the MTT assay, showing the calcu-
lated cell viabilities for the different alloys at each time point. These figures provide
a visual representation of the cytocompatibility of the alloys and allow for a direct
comparison with the control group.

The results of the cytocompatibility tests for both TMS and TMZTS systems
revealed promising outcomes. According to the ISO 10933-5 standards, all tested
TMZTS alloys demonstrated cytocompatibility, as shown in Figures 5 and 6. This
indicates that these alloys have the potential to interact favorably with biological
systems without causing harmful effects.

The calculated cell viability for all examined materials surpassed the threshold of
85%, which is a significant indicator of their biocompatibility. This suggests that the
cells were able to maintain their metabolic activity and proliferate effectively in the
presence of the alloys. The high cell viability further supports the notion that these
materials have the potential to be used in biomedical applications.

Interestingly, the addition of silicon to the alloys did not have any discernible impact
on the vitality of the fibroblasts. This implies that the incorporation of silicon did not
compromise the biocompatibility of the alloys and suggests that Si can be effectively
incorporated into these systems without compromising their cytocompatibility.

These findings are consistent with earlier investigations cited in the references [20,
38-42]. The alignment of these results with previous studies reinforces the reliability
and validity of the current findings, adding to the body of knowledge supporting the
cytocompatibility of TMZTS alloys. Collectively, these results provide strong evi-
dence that the TMZTS alloys have excellent biocompatibility, making them suitable
candidates for various biomedical applications.

After 72 h of cell culture involving primary albino rabbit fibroblast cells and the
human osteosarcoma cell line MG63, the fibroblasts were extracted from the alloy sam-
ples and their morphology was examined using phase contrast and fluorescence optical
microscopy. Figure 7 illustrate the final photographs obtained from this analysis.

120
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Cells viability, %

Ti20Mo  Ti20Mo0.55i Ti20Mo0.755i Ti20Mo1Si Control

Figure 5.
Mitochondrial activity measured via the MTT assessment for TMS group [20].
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Mitochondrial activity measured via the MTT assessment for TMZTS group [15].
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Figure7.
Fluorescent microscopy (calcein AM) vesults for TMZTS alloys in contact with cell cultures for 72 h [15, 20].

The microscopy observations revealed that the cells formed a monolayer in
direct contact with the alloy samples, which appeared as dark areas in the images.
Interestingly, there were no significant differences observed in comparison to the
growth of the control sample. The cells displayed elongated shapes with a fibroblastic
morphology, while the osteoblasts appeared smaller and more spherical. The presence
of dark regions in the images could be attributed to the positioning of substances,
indicating that the material might generate mechanical activities that potentially
compromise the integrity of the cell monolayer.

Regarding cell growth density, the line osteoblasts exhibited a higher density
compared to primary fibroblasts. This difference can be attributed to the behavior of
the line cells, specifically MG63 osteoblasts, which have a faster growth rate compared
to the more sensitive primary cells [20, 39-42]. However, a comprehensive analysis of
the microscope data for both types of cultures demonstrates that the TMS and TMZTS
alloys do not have any discernible effect on cell shape or growth. Both the fibroblast
and osteoblast cells displayed comparable appearances to the growth control, indicat-
ing a high level of cytocompatibility [20, 39-42].

The microscopy analysis provides strong evidence supporting the cytocompatibil-
ity of the TMS and TMZTS alloys. The cells maintained their normal growth patterns
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and shapes when in contact with the alloy surfaces, reinforcing the potential of
these alloys for various biomedical applications where maintaining cell viability and
morphology is necessary.

4.2.6 In vivo studies

In vivo studies are of great importance as they provide crucial insights into the
behavior and performance of materials or interventions within living organisms,
allowing for a more comprehensive evaluation of their safety, efficacy, and compat-
ibility. These studies bridge the gap between in vitro experiments and clinical applica-
tions, providing valuable information on biological responses, tissue interactions,
and potential adverse effects in a complex physiological environment. By simulating
real-life conditions, in vivo studies play a pivotal role in guiding the development,
optimization, and translation of new materials, treatments, and medical devices,
ultimately enhancing patient outcomes and ensuring the highest standards of bio-
medical research.

For in vivo study, TMS alloys were implanted into the tibial crest of four adult
female sheep (one control and three experimental), following a surgical procedure
and strict adherence to ethical guidelines and regulations (Figure 8). And the TMZTS
alloys were implanted 60-day on five rabbits (Orychtolagus cuniculus) of both
genders (Figure 9).

Experiments on the TMS system reconfirmed the use of Ti-based alloys, known
as bioinert biomaterials, in the implantation process induces contact and distance
osteogenesis through an interference bond with the surrounding tissue. The blood
parameters of the control and experimental sheep remained stable throughout the
experiment, indicating no significant changes. The spontaneously formed titanium
oxide layer proved to be highly stable, effectively separating the alloy from neighbor-
ing tissues. X-ray and CT evaluations demonstrated the presence of a clear space
surrounding each implant, bordered by fibrous-cartilaginous tissue, without any local
abnormal bone reactions.

In the control sheep, moderate physiological osteolysis was observed in the area of
the entrance channel, filled with newly formed low-density tissue. The titanium alloys
(TM and TMO.5Si) exhibited a greater amount of connective tissue separating them
from the bone tissue, with no local reactions. However, the TMO0.75Si alloy showed a
faster binding to the surrounding tissue, as confirmed by histological examination.

E—

Figure 8.
X-ray images from the control (C) and experimental sheep (E1-E3) for TMS alloys at the 62 days of experiment
[20].
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X-rays of control and experimental rabbits after 60 days of experiment for TMZTS alloys [15].

Figure 9.

The presence of molybdenum and silicon in the alloys contributed to their excellent
stability and compatibility, comparable to pure titanium.

Histological analysis revealed periosteum proliferation and ossification following
a membranous model in the experimental groups, while a mixture of membranous,
enchondral, and membranous ossification was observed in the control sheep. The
connective tissue near the bone breach exhibited rich vascularity, and the capsules
surrounding the implants were thick and poorly vascularized. The connective tis-
sue contained osteoprogenitor cells and newly formed bone tissue. Bone trabeculae
alternated between mineralized and non-mineralized areas. Mesenchymal stem cells
differentiated into osteoblasts, actively contributing to bone formation.

Immunohistochemical analysis demonstrated the presence of osteopontin (OSP)
in cells, indicating intense activity of osteoprogenitor cells involved in matrix miner-
alization and osteoblasts in the areolae. MMP2 and MMP9 expression was observed in
the interface matrix between the implant and the bone remodeling area. MMP2 was
particularly present in osteocytes, involved in solubilizing the osteoid. MMP9 played
arole in controlling osteoclast maturation and migration, with expression observed in
mesenchymal stem cells, osteoblasts, osteocytes, and giant multinucleated cells.

For TMZTS system, the X-ray investigations conducted on experimental rabbits
after 60 days of the experiment revealed no abnormal radiological changes in both
the control and implanted rabbits. The radiodensity of the peri-implant tissues varied
depending on the alloy used, with values ranging from 300 to 931 Hounsfield Units
(HU) for peri-implanted tissues in control and implanted rabbits. The newly formed
tissue in the implantation gap exhibited a radiopacity of about 793 HU, while the
radio-opacity in the peri-implant area ranged from 633 to 931 HU for TMZT1Si alloy
and 400-651 HU for TMZT alloy.

Histological analyses confirmed the presence of fibrous intramembranous ossi-
fication tissues associated with the radiopacity observed in the newly formed tissues
around the implants. Different alloys showed varying degrees of osteogenesis, with
TMZTO0.75Si and TMZTO0.5Si alloys exhibiting mesenchymal cells in the fibrous
capsule and newly formed bone tissue containing a small number of bone lamel-
lae. TMZTS alloy demonstrated both intramembranous and endochondral types of
ossification.

Osteopontin (OPN) expression was observed in all experimental groups, with an
overexpression observed in the bone interface area for TMZT0.5Si, TMZT0.75Si, and
TMZTS groups. Metalloproteinases (MMPs), specifically MMP2 and MMP?9, also
showed overexpression in all experimental groups, indicating their involvement in
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the cellular and physiological processes of bone formation, tissue repair, angiogenesis,
and morphogenesis.

As a conclusion, the findings suggest that the implanted alloys triggered osteogen-
esis and healing processes, leading to the formation of new bone tissue. The presence
of OPN and MMPs further supports the role of these molecules in bone remodeling
and regeneration.

From an in vitro point of view, both the TMS and TMZTS systems have shown
promising results in terms of their biocompatibility and potential for bone
regeneration.

The TMS system demonstrated good cell viability and proliferation, indicating
its compatibility with living cells. The addition of silicon to the alloy composi-
tion promoted the formation of a biocompatible oxide layer on the surface, which
could enhance osseointegration. Furthermore, the TMS system exhibited favorable
mechanical properties, such as adequate strength and elastic modulus, making it
suitable for load-bearing applications.

Similarly, the TMZTS system exhibited good cytocompatibility, supporting cell
attachment, proliferation, and spreading. The incorporation of zirconium and tan-
talum in the alloy composition provided enhanced mechanical properties, including
increased strength and corrosion resistance. The addition of silicon further improved
the biocompatibility and potential for bone tissue integration.

Both systems showed the formation of new bone tissue around the implants, as
indicated by the histological analyses. The presence of fibrous intramembranous ossi-
fication tissues and the expression of osteopontin and metalloproteinases suggested
active bone formation and remodeling processes [43, 44].

Overall, the TMS and TMZTS systems demonstrated promising in vitro biocom-
patibility, mechanical properties, and ability to support bone regeneration. These
findings warrant further investigation and evaluation in in vivo studies to assess their
long-term performance and potential for clinical applications.

5. Conclusions

In conclusion, the TMS and TMZTS systems have shown promising results across
various aspects, including mechanical properties, biocompatibility, and their ability
to support bone regeneration, based on in vitro studies.

From a mechanical perspective, both systems exhibited favorable properties,
including adequate strength, corrosion resistance, and elastic modulus. These proper-
ties are crucial for implant materials as they ensure stability, longevity, and appropri-
ate load-bearing capacity, which are essential for successful clinical applications.

In terms of biocompatibility, both systems demonstrated good cytocompat-
ibility, supporting cell viability, proliferation, and attachment. This indicates that
the alloys are well-tolerated by living cells and have the potential to integrate with
surrounding tissues. The presence of fibrous intramembranous ossification tissues
and the expression of osteopontin and metalloproteinases further suggest active
bone formation and remodeling processes, indicating a positive biological response
to the materials.

Additionally, both systems showed the formation of new bone tissue around the
implants, indicating their ability to support bone regeneration. This is a crucial factor
for implant success, as it allows for the establishment of a strong bond between the
implant and the surrounding bone, promoting long-term stability.
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However, it is important to note that these conclusions are based on in vitro
studies, and further investigation through in vivo studies is necessary to validate and
assess the long-term performance of the TMS and TMZTS systems. In vivo studies can
provide insights into the materials’ behavior within a living organism, including their
interaction with the host tissue, potential immune responses, and overall biocompat-
ibility. Only through comprehensive in vivo evaluations can the clinical potential of
these systems be fully understood and their suitability for human applications be
determined.

6. Future trends

The titanium-based alloys used both in dental prosthetics and orthopedics have
special properties, being involved in most interventions involving the replacement of
an anatomical tissue or element.

Thus, the growing demand of the market has pushed research in the direction
of extending the life of implants, through the development of new biocompatible
materials.

Evaluating the results obtained following the full characterization of the alloys,
we can conclude that the new systems obtained have a reduced modulus of elasticity,
without showing cytotoxicity at the cellular or tissue level.

The obtained systems can be successfully used in various medical applications,
such as dental and orthopedic implants.
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Chapter 6

Nanofibers for Skin Regeneration
and Wound Dressing Applications

Farida ElGamal

Abstract

The regeneration of skin because of numerous sorts of injuries such as burns,
wounds, tissue damage, and eczema is regarded as vital; nevertheless, the process of
healing and remodeling can be impeded by several reasons. The cutting-edge of nano-
fibrous technology offers the opportunity to repurpose and innovate new therapies and
improve the effectiveness of the available medical treatments. There may be less need for
skin transplants and skin grafts as regenerative medicine advances using biopolymeric
materials. Skin injuries can be difficult to treat, especially when it comes to managing
wounds. The fabrication of different dosage forms such as film, foam, sponge, hydro-
gel, and nanofiber membranes using scaffolding material made from synthetic and
natural polymers is considered a treatment method for wounds. Scaffolds have found
applicability in tissue engineering, where the materials are fabricated into artificial
tissue that stimulates growth factors and enhances tissue regeneration. Among these
materials, nanofibers possess a unique structure of small pore size and high porosity,
thus protecting wounds from infections and ensuring unrestricted transportation of gas
and liquid molecules. We have described several polymers in this study that have been
used to create scaffolds made of electrospun nanofibers. These scaffolds are studied and
discussed using different polymers to show the effect on skin repair mechanisms and
investigate the remodeling abilities aiming to potentially show a foundation for clinical
applications and industrial manufacturing. The extracellular matrix (ECM) and the
nanofiber structure share many similarities, and the use of different types of polymers,
including biopolymers like collagen and chitosan and biodegradable polymers like
polycaprolactone, polylactic acid, and polyvinyl alcohol, helps to make the field relevant
to skin regeneration and remodeling. Hence, this review summarized and discussed the
polymeric nanofibers such as collagen, polycaprolactone, poly vinyl alcohol reporting
pre-clinical trials of wound healing and skin regeneration.

Keywords: wound healing, nanofibers, skin remodeling, polymers, multifunctional
scaffolds, skin regeneration

1. Introduction

The skin is considered the largest organ in the human body that is functionalized to
protect the human systems against mechanical, chemical, and thermal stress, microbial/
pathogenic invasion, and prevent dehydration. Accordingly, the large surface area of
the skin can be associated with several conditions such as cutaneous wounds of acute or
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pathological conditions which represent significant challenges clinically and socioeco-
nomically. It has been statistically proven in the year 2003 that globally over 6 million
patients suffer from severe skin burns each year and among which more than 300,000
patients lose their fight against burn pain and pass away ultimately [1-4]. It has globally
shown an economic burden of over 9.5 billion US dollars a year [5, 6]. Wound healing
delay or impairment is considered a global health issue with affects people suffering

from comorbid diseases such as diabetes, cardiovascular diseases, cancer, and obesity.
Non-healing wounds have shown negative impacts on patients’ life that includes different
aspects from the quality of life, pain, and well-being psychological distress to physical
discomfort [5, 7, 8]. As reported in 2014, 6.0% of the United Kingdom and 9.3% of the
United States populations were diagnosed with diabetes which will indicate a global rise
of diabetic adults to 439 million by 2030 [5, 6, 9]. This is related to the hospitalizations of
diabetic foot ulcers, infection complications, amputations, and mortality of patients [6,
9]. Thus as a result of wounds with diabetes and obesity, the incidence of pressure and
venous ulcerations is expected to rise in the upcoming years as a consequence of the aging
of the population that is estimated to increase up to 60% in Europe population will be
aged above 65 by 2050 and obesity that will exceed 20% of obese world’s adults by 2030
[5, 6, 9, 10]. Hemostasis, inflammation, proliferation, and remodeling are the four distinct
but overlapping stages of the multistage biological process of wound healing. A proper
biomaterial must be created to support the intricate skin architecture. The synthetic
biomaterial scaffold must resemble the ECM and be resilient to the biological, topographi-
cal, and physicochemical characteristics of natural skin tissue [11]. As a result, traditional
therapies for wound management have been urged for the need for advanced and more
effective strategies to control the wound status, preventing invasive solutions to save the
patients [8]. The era of biomaterial technology that has been rapidly developing recently
has shown huge potential for clinical application including skin remodeling, tissue engi-
neering, and wound healing. A large number of excellent biomaterials either naturally

or synthetically have shown various advantages over traditional therapies [4, 8, 12, 13].
Mainly biomaterials include PLA, PCL, PVA, PEG, PEO, collagen, hyaluronic acid,
sodium alginate, chitosan, gelatin, etc. [1-4, 7, 8, 10, 13-15,]. Electrospinning and nano-
fibers formation have been the subject of intensive studies and research in multiple fields
among is tissue-engineering. This is correlated to the large surface area to volume ratio
and the high porosity of the nanofibers formed web [4, 8, 14-16,]. Thus, the biomedical
application of nanofibers in wound care contributes not only to the physical protection of
wound sites from infection and pathogenic sources due to the properties of high surface
area and porosity of nanofibers but also provides an excellent environment for soft tissue
regeneration and skin remodeling due to the nature of several biodegradable polymers
which modulate the gaseous exchange of the wound location and help in promoting
hemostasis while also preventing the scar formation of the skin [ 4, 8, 10, 12-14, 16].

In this study, we have reported several materials that have been used to produce
electrospun nanofibers scaffolds. These scaffolds are studied and discussed using
different polymer-nanofibers scaffolds to show the effect on skin repair mechanisms
and investigate the remodeling abilities aiming to potentially show a foundation for
clinical applications and industrial manufacturing.

2. Tissue scaffold and drug delivery

The unique properties of nanofibers from high surface area and wide porosity
helped in the application of nanofibers in mechanical engineering and biological
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tissue scaffolds. Thus, the selection of the tissue scaffolding material is carefully
selected to guarantee the biocompatibility of the human cells with it. The material
properties have shown great influence on the biocompatibility of the surface chem-
istry of the scaffolds [13, 17, 18]. The mechanical support of the skin is regulated by
several things rising from biological signals of growth factors, ECM, and the sur-
rounding cells [17-19]. The responsible cells and growth factors vary from primary
and secondary elements of ECM, among which are collagen, and natural polymers of
different types: Types I and III which are considered primary structural elements of
ECM that functionalized in supporting the tissue reconstruction [19]. The high sur-
face area to volume ratio that nanofibers excel in, helps in the cell attachment which
provides a regenerative tissue scaffold [17-21]. The natural ECM and its dimensional
have been adapted to perform the scaffold of bioengineered polymers in the same
manner. The variability of biodegradable polymers such as PLGA, PCL, etc.... are
commonly used in electrospinning tissue engineering as they tend to produce highly
structured tissue scaffolds with high porosity of both pore diameter and pore volume
[4, 11, 1720, 22].

The electrospun nanofiber scaffolds that tend to have high porosity ease the
passage of nutrient intake and metabolic exchange as the space provided for the cell
to accommodate these activities is enough. For the use of electrospun nanofibers
as tissue scaffolds, mechanical characteristics such as the modulus of elasticity and
strain at failure are crucial. By altering the solution concentration and fiber orienta-
tion, the material characteristics may be appropriately tailored [4, 11, 13, 20, 21, 23].
In a study carried out by Matthews and his team where they investigated the usage
of Collagen Type I from calfskin and Types I and III from the human placenta to
produce electrospun nanofibers. Results have shown that the electrospun collagen
fibrils were tightly resembling the natural polymer tissue properties of both struc-
tural and biological. These electrospun collagen microfibrils allowed the cultivation
of aortic muscle cells, which resulted in scaffolds with a high density of smooth
muscle cells. The investigation has proven that the electrospun collagen revealed
the presence of highly interwoven muscle cells [17, 21]. In another study, Huang and
his team constructed an experiment on electrospun nanofibers of collagen and PEO
mats to show their potentiality in wound healing and tissue engineering. The result
was the production of uniform fibers with diameters between 100 and 150 nm. The
significant intermolecular contact between the PEO and collagen component was
assumed due to the better mechanical characteristics of the collagen nanofibers
(17, 23].

Nanofiber mats are used as drug carriers in drug delivery systems, due to their
great functional qualities. With biocompatible delivery matrices made of either
biodegradable or nonbiodegradable polymers, controlled drug delivery at a set rate
throughout a predetermined treatment time is conceivable [17, 22]. In a study car-
ried out by Kenawy and his team investigating the potential of electrospun polymers
PEVA, PLA with ethanol, and tetracycline hydrochloride as a drug delivery system.
The results have shown that the release of tetracycline from electrospun fibers was
much greater than from the casted films. The observations of electrospun PEVA AND
50/50 PLA/PEVA fibers have shown a very consistent release of tetracycline over the
investigated period of 5 days [17, 22]. The previously stated studies have shown the
necessity of applying nanofibers mats in controlled DDS and biomedical sectors.
When administered to the skin, these medications with nanofiber as demonstrated in
Figure 1, the incorporation can promote wound healing or just simple drug release for
systemic or local therapeutic activity.
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Nanofiber Wound

Dressings

— Antibiotic

— Hemostasis

— Growth factors

— Antioxidants

Figure 1.
Schematic illustrating various types of pharmaceutical agents that can be incorporated into nanofibers for wound
dressings.

2.1 Nanofibers scaffolding for wound healing

Scaffolds may be easily modified in situ during the electrospinning process or
thereafter to be suited for a particular biomedical application with the usage of
electrospinning [13, 24]. The choice of polymer, which determines the mat’ rate of
degradation, can be used to influence the rate at which a drug or drugs are released
from a nanofiber mat or the positioning of the drug within or on the surface of the
fibers [4, 13, 22, 24, 25]. Information on choosing a polymer is supplied, along with
several strategies for customizing the active agent’s position inside the electrospun
mat [11, 13, 24]. Rapid hemostasis and effective antibacterial properties are the
two key criteria for acceptable present-day wound dressings. The goal of a wound
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dressing is to quickly achieve hemostasis, and it should also have powerful antibacte-
rial properties in order to protect against bacterial infections from the surroundings.
Due of its flexibility in creating nanofibrous membranes for wound dressing that can
provide a moist environment surrounding the wound region that promotes healing,
electrospinning has gained an enormous amount of interest [4, 13, 24, 26].

2.1.1 Selection of polymers to enhance wound healing mechanisms

The suitable polymer matrix, whether natural, synthetic, or a combined mix
of polymers, should be used when developing nanofiber mats for wound healing
applications in order to meet the necessary scaffold qualities. Utilizing nanofiber-
based systems, several natural and synthetic chemicals have recently been tested
for their ability to improve and enhance the healing of wounds [24, 27]. Among the
most investigated electrospun nanofibers is an organic based polymer, PCL because it
supports faster healing and decreases inflammatory infiltration, PCL, a biodegradable
and biocompatible poly(a-ester), has been extensively studied and used for tissue
regeneration and wound healing applications. PCL is a useful matrix for loading
natural compounds like curcumin, herbal extracts, and proteins because of its signifi-
cant physico-chemical features, including hydrophobic qualities, great spinnability,
favorable mechanical properties, and delayed degradation [10, 14, 28]. Several studies
have investigated PCL nanofibers alone and drug loaded. Thus, in a study conducted
in 2015 by Ana Delia Pinzon-Garcia and her team investigating Bixin-loaded PCL
nanofibers, as PCL has tendency of incorporating the insoluble medications and may
be employed in a variety of formulations for controlled drug administration and tissue
engineering. The study noticed that animals treated with Bix-PCL1 nanofiber and
Bix-PCL2 nanofiber showed a much higher percentage of wound closure. According to
their finding, even while Bixin release from PCL nanofibers promoted wound healing
from the first days on and was more effective than PCL alone, increasing Bixin con-
centration on PCL’s more hydrophobic nanofibers created an unfavorable environment
for wound healing. Here, they showed that the most effective concentration of Bixin in
the nanofibers to induce an efficient rapid wound closure was 2.5% [24, 28]. In another
study, Sang-Myung Jung and his team investigated the natural extract of Spirulina
loaded with electrospun PCL nanofibers on animal model. The in vivo testing showed
how the nanofiber affected skin, which reacted intricately with different substances.
The team applied the Spirulina extract PCL nanofibers directly to the full thickness
wound and assessed its effects, which showed a fast reduction in the size of the lesion.
In particular, the average size of the groups varied starting on day 5 and persisted until
day 10. These outcomes proved that spirulina extract-PCL nanofibers had the same
effects in vivo as it did in vitro [29]. In a further studied PCL-loaded nanofiber Robin
and his Indian team, investigated the capacity of ZnO nanoparticles to produce ROS,
which may have a function in biological systems, is well established. Through growth
factor-mediated pathways, ROS can promote cell adhesion and migration to speed
up wound healing. Hence, the study has discussed the creation of ZnO nanoparticle-
infused electrospun PCL scaffolds and their potential to serve as materials that
can replace skin and speed up the healing process. In guinea pigs, subcutaneously
implanted PCL membranes with or without ZnO nanoparticles were tested. Studies
in immunology, macroscopy, and histology have demonstrated that using membranes
containing ZnO nanoparticles improves cell adhesion and migration. The membranes
with implanted ZnO nanoparticles do not exhibit any adverse reactions of irritation.
The implant also improved wound healing without the development of scars [30].
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Other highly studies polymer is PLA, that is selected in various studies as the
supporting material because it is biodegradable, biocompatible, and can support
the proliferation and attachment of various cells promoting the healing process of the
skin. It is possible to employ the patterned PLA surfaces as a platform for the targeted
transport and engraftment of different type of cells such as stem cells [31-34]. Ina
study investigated the usage of PLA with other nanofibrous scaffolds by Marziyeh
Ranjbar-Mohammadi’s team, the design of electrospun composite nanofibers using
natural nano-fibrillated chitosan /ZnO nanoparticles combination as the nanofiller
ingredient has been examined during this study. The key components are PLA and K/
PVA. K/PVA/Chitosan ZnO (2:1)-PLA/Chitosan ZnO (2:1) nanofiber, with a diameter
of 352.50 + 31 nm, a contact angle of 48 + 3°, and a tensile strength of 0.96, 0.18 MPa,
is proposed as a suitable wound healing scaffold with the greatest antibacterial and
ability to enhance cell proliferation [31]. Additionally, as PLA nanofibers are biocom-
patible and have a large specific surface area and high porosity, they were employed in
the study carried out by Thuy Thi Thu Nguyen’s team to study the PLA as a carrier for
Cur to improve its functional characteristics. Cur/PLA blended nanofibers with vari-
ous concentrations of Cur were studied for their chemical and biological properties.
Cell adhesion and proliferation are promoted by the inclusion of Cur in the blended
nanofibers, even at concentrations as low as 0.125 weight percent. A mouse model
was used to test the in vivo wound healing capabilities of Cur-loaded PLA nanofibers.
When compared to PLA nanofibers (58%), treatment with Cur-loaded PLA nanofi-
bers dramatically enhanced the rate of wound closure (87%) on day 7. The findings
of this study indicate that Cur-loaded nanofibers have shown no adverse actions and
increased the potential of using PLA loaded curcumin in wound healing patches [32].
In another study conducted in Italy by Giulia Milanesi, electrospun PLA and essential
oil nanofibers were then covered with medium-molecular-weight chitosan to enhance
the antibacterial effect of EO. Before electrospinning, BP-EO or L, both of which are
known for having antibacterial properties, were added to the PLA/acetone solution.
The results showed that the CS coating improved the fibrous mats’ hydrophilicity,
increased EO’s antibacterial potential, and encouraged cell adhesion and proliferation
[35]. Also, in a study carried out in 2015 in Prague, Czech Republic on AA-collagen
poly lactic acid nanofiber scaffold investigating how human dermal fibroblast adhe-
sion and proliferation were affected by fibrin placed on a nanofibrous membrane
and AA added to the cell culture medium. The study findings demonstrated that
compared to the membrane lacking fibrin, fibrin deposition led to noticeably better
cell adherence and spreading. While the cells on the membranes with fibrin were
polygonal in form and widely dispersed with well-developed characteristic FA car-
rying 1-integrins, the cells on the membranes without fibrin were spherical until the
third day of cell culture. The adherence of fibroblasts to fibrin molecules is mediated
by 1-integrins, namely 51 integrins (together with v3 and v3 integrins), in which these
adhesion receptors recognize the RGD motifs. The collagen receptors 11, 21, and 31
integrins are also members of the group of integrins to fibrin-coated membranes,
particularly in the medium with AA, collagen expression and synthesis increased,
which may have contributed to the enhanced cell adhesion to the modified PLA mem-
branes. Additionally, the fibrin pulls molecules of ECM from the cell culture media
through its C domain, including fibronectin and vitronectin, which help to enhance
cell attachment even more. Cell adhesion on unaltered membranes is essentially solely
mediated by spontaneously adsorbed ECM molecules from the cell culture medium or
by cell deposition on the membrane surface. Additionally, these compounds could be
adsorbed insufficiently and with the incorrect spatial configuration for cell adhesion
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receptor recognition. The research demonstrated that AA boosted collagen I expres-
sion and induced cells to deposit collagen fibers on material surfaces. The cells grown
in a typical cell culture media (without AA) did not significantly develop collagen
ECM on the surface of the material. Collagen I was expressed more strongly by the
cells grown in the regular culturing medium on membranes coated with fibrin than
by the cells grown in the medium with AA on membranes without coating. On the
material surface, however, these cells did not significantly deposit a fibrous collagen
matrix. The study had proven that human dermal fibroblasts were significantly
impacted by the fibrin nanocoating on PLA nanofibrous membranes. Fibrin boosted
the expression of 1-integrins, cell proliferation, and collagen production while
promoting cell adhesion and spreading. Fibrin likely had a positive impact on cell
adhesion and proliferation because of its simplicity in binding to cells via integrin
adhesion receptors, which attracted sticky molecules from the cell culture media.

It was possibly also because of the cells’ mitogenic properties. Collagen I's mRNA
expression, the total amount of collagen produced, and its deposition as ECM on the
membrane surface were all boosted by fibrin [11, 36].

Further, the well-known PVA is a synthetic polymer that is water soluble, non-
toxic, biocompatible, and biodegradable. PVA has so received much research in the
domains of biomedicine, polymers, and textiles. PVA resins offer a wide range of
practical uses due to their outstanding chemical resistance, physical characteristics,
and biocompatibility, including fibers for clothing and industry, adhesives and bind-
ers, films, membranes, materials for drug delivery systems, and embolic materials
that destroy cancer cells. Due to the use of water-based solvents, PVA electrospinning
has been the subject of much research. PVA was therefore selected as an appropri-
ate foundation polymer to create an electrospun nanofibrous structure [37-42]. In
a study conducted in 2020 in Iran investigating the PVA nanofibers anti-bacterial
efficacy when loaded with anti-biotic drug, the study’s primary objective was to create
wound dressings utilizing the electrospinning technique and a mixture of TXA and
PVA to examine the blood coagulation capabilities. Additionally, CTX and PVA were
blended to take into account their antibacterial capabilities. The findings of a study
on the antibacterial activities of Gram-negative (Escherichia coli) and Gram-positive
(Staphylococcus aureus) bacteria showed that the antibacterial characteristics grew
stronger with rising MIC. 100% was achieved in PVA/CTX dressing with MIC: 8 g/ml.
PVA-TXA dressings (10 mg/ml) and (20 mg/ml) both showed adequate blood coagu-
lation abilities. PVA-TXA (20 mg/ml) exhibited a stronger blood coagulation ability
with an average absorption of 0.031. The results have proven the ability of PVA nano-
fibers to enhance the wound healing mechanism specially when loaded with certain
concentrations of TXA and CTX [37]. Herein, in another study by Sama Ghalei and
her team, a new nanocomposite wound dressing was created implementing electro-
spun PVA nanofibers and nanoparticles that can release the medication DLF at the
wound site. They said that because the structure combines the beneficial qualities of
both polymeric nanofibers and NPs, it is extremely promising. Due to the drug-loaded
NPs’ insoluble nature in the original PVA solution, the hydrophilic PVA nanofibers
may also be used to load and release the hydrophobic DLF. The electrospun composite
dressing made of zein nanoparticles and PVA nanofibers has a tremendous potential
for use in the treatment of wounds, according to the results [43]. Also, in a study
conducted in early 2012, electrospinning was used to create CS aqueous salt combined
with PVA nanofiber mats. Without using harmful or toxic solvents, CS was dissolved
in distilled water along with HOBt, TPP, and EDTA. In an in vivo wound healing
test, the CS-HOBt/PVA and CS-EDTA/PVA nanofiber mats showed satisfactory
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antibacterial activity against both gram-positive and gram-negative bacteria, and the
CS-EDTA/PVA nanofiber mats outperformed gauze in reducing acute wound size in
the first week following tissue damage. The study has suggested the significance of
the CS-EDTA/PVA nanofiber mats to be used as wound dressing materials since they
are biodegradable, biocompatible, and antibacterial [44].

Moving forward to natural based polymers, starting with one of the most preva-
lent natural polysaccharides is chitosan, a partly N-deacetylated derivative of chitin.
Chitosan is the only naturally occurring alkaline polysaccharide with positive charge
that has been identified so far. It is made up of random mixes of -(1-4)-linked d-glu-
cosamine and N-acetyl-d-glucosamine in the polymer backbone. Due to its excellent
biocompatibility, biodegradability, antibacterial, and anti-inflammatory properties,
chitosan-based biomaterials have attracted considerable attention recently. After
cellulose, chitosan is the most prevalent biopolymer on earth. Shrimp and other
crustacean shells are used to extract chitosan. There have been reports of other
extraction techniques, however the deacetylation of chitin is the most often used. As
a biopolymer, chitosan has several functions and applications. However, altering its
chemical structures can improve its mechanical, chemical, and biological properties
[45-48]. In a study carried out in 2009 on chitosan combined with silver nanopar-
ticles. The study investigated the electrospinning CS/PEO solutions containing Ag/
CS colloids with in-situ chemical reduction of Ag ions, fairly homogeneous CS/PEO
ultrafine fibers containing silver nanoparticles were effectively created. The research
demonstrated the efficacy of CS/PEO and Ag/CS/PEO nanofibers with a 1:1 mass
ratio of CS/PEO against E. coli. The antibacterial activity of the nanofibers contain-
ing Ag nanoparticles was superior to that of the CS/PEO nanofibers. For Ag/CS/PEO
nanofibers containing 1.1 and 2.2 wt% nanoparticles, respectively, all bacteria were
inactivated within 10 and 6 hours. Ag/CS/PEO membranes have shown extremely
potent antibacterial properties that might be employed in a variety of biomedical
applications, including tissue scaffolds, body wall repairs, wound dressings, and
antimicrobial filters [49]. Additionally, in an interesting study that as conducted on
natural extracts in order to create a biocompatible, antibacterial nanofibrous wound
dressing, two natural extracts were loaded onto synthetic honey, PVA, and chitosan
nanofibers. The HPCS nanofibers in the HPCS-CE, HPCS-AE, and HPCS-AE/CE
nanofiber mats, respectively, were loaded with dried aqueous extract of Cleome dro-
serifolia (CE) and dried aqueous extract of Allium sativum (AE). By demonstrating
improved wound closure rates in mice and by histologically examining the wounds,
a preliminary in vivo result found that the produced nanofiber mats improved the
wound healing process when compared to the untreated control. Additionally, the
HPCS and HPCS-AE/CE showed similar effects on the wound healing process when
compared to the commercial dressing the study referred to, however the HPCS/AE
allowed for a faster rate of wound closure. Results of studies on cell cultures demon-
strated that the created nanofiber mats were more biocompatible than the commercial
product the study referred to, which displayed pronounced cytotoxicity. The study
significantly proven that the natural nanofiber mats that have been produced have
an opportunity to be effective, biocompatible, antibacterial wound dressings [50].
Consequently, the other natural polymer that is extensively studied in the wound-care
management is collagen, an attractive polymer for the creation of wound dressings
since it is a biopolymer and a significant component of ECM. These include minimal
immunogenicity, strong biocompatibility, hemostatic qualities, the capacity to stimu-
late cellular proliferation and adhesion, non-toxicity, and low antigenicity. The ECM
of various sensitive tissues is mostly made up of collagen. All dermal dry materials,

124



Nanofibers for Skin Regeneration and Wound Dressing Applications
DOI: http://dx.doi.org/10.5772/intechopen.112205

which are located at the skin’s level in proportions of 70-80 percent, define the pres-
ence of collagen. Collagen promotes the maintenance and differentiation of cellular
phenotypes, hence interactions between collagen and cells are crucial for the process
of wound healing. Collagen-based nanofibers have also showed intriguing features
that are useful in the fields of skin regeneration and wound dressings [51-53]. Ina
research study conducted by Cheng-Hung Lee ‘s team investigating the capabilities of
Collagen nanofibers in diabetic wounds. The team produced nanofibrous collagen/
PLGA scaffold membranes, which allowed for the sustained release of Glucophage for
diabetic wounds. The development of glucophage-loaded collagen/PLGA nanofibrous
membranes that sustainably provided medication to treat diabetic wounds. For more
than 3 weeks, the team has proven that the nanofibrous membranes emitted signifi-
cant amounts of glucophage. In their finding, they have stated that the collagen/PLGA
membranes coated with glucophage significantly accelerated the healing of diabetic
lesions. Additionally, due to the downregulation of matrix metalloproteinase 9, the
collagen content of diabetic rats employing drug-eluting membranes was greater

than that of the control rats. According to the experimental findings presented by the
team, glucophage-loaded collagen/PLGA membranes with a nanofibrous structure
were proved successful in promoting early wound healing in diabetic wounds and
increasing collagen content [51, 54].

3. Conclusion

Due to its ease of use and ability to be combined with other techniques, elec-
trospinning, while being a rather old process, has maintained its significance.
Electrospinning, which is the most reliable size for native ECM, allows material
characteristics to be controlled down to the nanoscale level. The approach to build-
ing nanofiber scaffolds from a single polymer, many mixed polymers, or various
inputs may be adapted with the help of changes in the electrospinning equipment
and process parameters. Due to the development of novel polymers and manufactur-
ing techniques, multifunctional wound dressing scaffold materials with adaptable
surface functions and exceptional structural and mechanical characteristics are now
feasible. Bio-based polymeric materials have frequently been advocated for skin tissue
regeneration in a variety of wound healing settings as useable skin substitutes, useful
dressings, and wound healing patches. As many functional biomaterials, superabsor-
bent dressings, multifunctional wound dressings, and skin tissue scaffold materials
are launched in place of traditional gauzes, the need for bioinspired wound care
solutions is growing. Potential wound care solutions will need to offer a variety of
unique biological capabilities, such as biomimetic, bio-responsive, antibacterial, and
hemostatic qualities, to establish a favorable microenvironment. The anticipated effi-
cacy in wound healing scaffolds will be closer to reality as more current biopolymers
are studied for their physicochemical, biological, and mechanical characteristics, as
well as when new ones are created. Studies employing nanofibers for tissue engineer-
ing purposes have multiplied exponentially to date. This paper mainly discussed
the most recent advancements employing different skin-remodeling polymers for
wound healing and skin regeneration. Numerous research has shown that natural
bio-macromolecules are legitimate substitutes for their synthetic equivalents when it
comes to wound treatment, as was covered in this review. More intriguingly, the abil-
ity to electrospun fibers into nanostructures by applying nano-structuring enables the
development of biomimetic dressings with enhanced bioactivity for stimulating tissue
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regeneration. Different wound models have been used in in vitro and in vivo testing
to demonstrate the effectiveness of electrospun dressings made of natural/synthetic
polymeric materials in promoting cell migration and proliferation, speeding wound
closure, regulating the inflammatory response, and, in certain circumstances, avoid-
ing the formation of biofilms. However, difficulties in electrospinning some materials
are related to the following: choosing the proper solvents or polymer additives to
facilitate fiber extrusion; the requirement of postprocessing procedures to improve
the mechanical resistance and control the scaffolds’ rate of degradation. Importantly,
in terms of fiber shape and dimensionality, the scaffold’s design is biomimetic for

the natural ECM, and its likely functions as an immediate short-term matrix for
hemostatic activities and skin remodeling cells that assist wound healing. Electrospun
nanofiber scaffolds have shown to be very adaptable. The interactions that took

place at the interface between the materials’ surface and biology may be controlled
by adjusting the matrix chemistry, surface functionality, and mat degradation rate

in combination. Natural, semi-synthetic, and completely synthetic polymer-based
nanofibers and their composites have demonstrated promise as materials for skin
regeneration and scaffolding for wound healing. Nanofiber scaffolds have a position
in wound care therapy because they resemble natural ECM shape and structure both
on their own and when combined with other functional polymers. This provides a
good environment (niche) for skin tissue rebuilding. Systematic investigations are
also required to standardize fabrication techniques under hygienic electrospun set-
tings to gradually transition nanofibers from the laboratory to the commercial scale.
As previously discussed throughout the review, tissue regeneration and skin remodel-
ing are subjective to the degree of stress/wound and the causes of such injuries which
result in the selection of a certain polymer whether natural or synthetic source that
can itself act as ECM or can be loaded with various substances such as antibiotics,
hemostatic agents, growth factors, antioxidants, and anti-inflammatory. As a result,
the nanofiber mat may be employed as an effective skin substitute material that

will accelerate cell migration and proliferation to heal wounds quickly. The review
suggests carrying out more clinical investigations while considering the patient
acceptability of the administration form to improve the incorporation of appealing
medications into nanofibers and using a combination of various biopolymers. The
challenge of scaling up to mass manufactures of polymeric or drug-loaded electros-
pun mats must also be taken into account.
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Acronyms and abbreviations

ECM Extracellular matrix

PLA Polylactic acid

PCL Poly caprolactone

PVA Poly vinyl alcohol

PEG Poly ethylene glycol

PEO Poly ethylene oxide

PLGA Poly lactic-glycolic acid
PEVA Poly ethylene co-vinyl acetate
DDS Drug Delivery System
Bix-PCL Bixin-loaded PCL

ZnO Zinc Oxide

ROS Reactive oxygen species

K Keratin

nm Nanometer

MPa Mega Pascal

Cur Curcumin

EO Essential oil

AA Ascorbic acid

CS Chitosan

BP-EO Black pepper-essential oil

L Limonene

TXA Tranexamic acid

CTX Ceftriaxone

DLF Diclofenac

NPs Nanoparticles

HOBt Hydroxybenzotriazole

TPP Thiamine pyrophosphate
EDTA Ethylenediaminetetraacetic acid
Ag Silver

HPCS Synthetic-honey chitosan nanofibers
CE Cleome droserifolia

AE Allium sativum aqueous extract
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Abstract

Tissue engineering strategies in regenerative medicine combine cells, scaffolds,
and growth factors to regenerate and reconstruct pathologically damaged tissues such
as periodontium, bone, nerves, cartilage skin, heart valves, and various other organs.
Scaffolds have a major role as they provide a three-dimensional environment for tissue
regeneration. They act as an extracellular matrix that favors the ingrowth of new cells
thereby assisting the regeneration of target tissues. Various properties of scaffolds like
scaffold architecture, surface topography, biodegradability, mechanical properties,
and manufacturing process are important to achieve optimal results in tissue engineer-
ing. Scaffold fabrication can be achieved by conventional as well as non-conventional
current manufacturing techniques. Solvent casting, phase separation, particulate-
leaching, gas foaming, freeze-drying, and electrospinning are conventional methods
for fabricating scaffolds. The architecture of these scaffolds greatly depends on
processing techniques. Fused deposition modeling, hydrogel processing, selective laser
sintering, decellularization techniques, three dimensional printing, and bioprinting,
are current techniques for scaffold fabrication. The chapter will give an overview of
each fabrication technique and will aid biomedical engineers to select the ideal fabrica-
tion technique for specific applications in the field of regenerative medicine.

Keywords: electrospinning, fused deposition modeling, rapid prototyping, scaffold
fabrication, stereolithography, three-dimensional bioprinting, tissue engineering

1. Introduction

Regenerative medicine is a broad field that focuses on self-healing and tissue
engineering is an integral part of it. Langer and Vacanti have described tissue engi-
neering as “an interdisciplinary field that applies the principles of engineering and
life sciences toward the development of biological substitutes that restore, maintain,
or improve function or a whole organ” [1]. Generally, three strategies are adopted for
the creation of new tissues: cells or cell substitutes, tissue-inducing substances, and
cells placed on or within matrices known as scaffolds [2]. Scaffolds are engineered
to cause desirable cellular interactions thereby contributing to the formation of new
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Premade porous Decellularised Cell encapsulated in
. Cell sheets
scaffolds extracellular matrix hydrogel
Raw materials fabricated Decellularised native ECM secretion on Cell mixing on
. . confluent cells forms cell .
into porous scaffolds tissues monomer solution
sheets
1 [ l 1
Cells seeded to form cell Laminated to multiple cell Cell encapsulated in
Porous scaffolds
seeded scaffolds sheets hydrogel
N\ | \ 1
Implantation Cell seeded scaffolds Implantation Injection
1
Implantation

Table1.
Different scaffolding approaches in tissue engineering.

functional tissues. They mimic the extra-cellular matrix and form a microenviron-
ment that serves purposes like cell attachment, migration, diffusion of vital nutrients,
etc. The clinical success of tissue engineering largely depends upon scaffold architec-
ture, material composition, and fabrication techniques.

The specific requirements that a scaffold must-have is as follows. They should
have high porosity and appropriate pore size to enable active cell seeding and nutrient
diffusion. They should be biodegradable with a degradation rate similar to the tissue
formation rate. Adequate structural integrity is needed to maintain a three-dimensional
environment. Both synthetic and natural materials are used for scaffold fabrication.
The synthetic ones include polylactic acid (PLA) [3], polyglycolic acid (PGA), polycap-
rolactone (PCL), and poly-lactic-co-glycolic acid [4] each with its tailored degradation
rates. The tunability and biocompatibility are advantageous for scaffold fabrication [4].
Natural materials can be proteinaceous such as collagen and fibrin or polysaccharides
like chitosan and glycosaminoglycans (GAG). Decellularised tissues may also function as
scaffolds. They are formed by chemically extracting cells from tissues leaving behind an
extracellular matrix but can possess serious immunologic complications (Table1).

2. Scaffold fabrication

The design and fabrication of scaffolds depend upon the mechanical, biological,
and physicochemical requirements of the scaffold. The pore size, pore intercon-
nectivity, degradation statistics, stability, etc. are taken into consideration during
the fabrication process [5]. The 2D scaffold fabrication is more accurate and easy
with good control over the physicochemical properties. Fabrication of 3D scaffolds is
challenging and requires advanced bio-printing and bio assembly which is automated.
Computer assisted designing and machining technologies help in such 3D designs as
sponges, meshes, and foams. 3D technologies have further revolutionized into 4D
printing techniques which are quite expensive.

Several scaffold fabrication techniques have been described so far based on the
biomaterial used, the tissue intended to regenerate as well as the purpose of the scaf-
fold. The techniques can be broadly classified into conventional and advanced types.
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3. Conventional techniques

Conventional fabrication technologies include solvent casting/ particle leaching,
thermally induced phase separation, gas forming, freeze drying, melt molding, sol-gel
method and electrospinning [6].

3.1 Solvent casting/particle leaching

Here, a polymer is dissolved in a highly volatile solvent into which a porogen is uni-
formly distributed. The porogen can be an organic compound like gelatin, collagen, or
glucose microspheres or inorganic water soluble salts like KCI or NaCl. The polymer-sol-
vent-porogen mixture is cast into a mold. When the solvent is evaporated, a composite
network of polymer with entrapped porogen is obtained. Then using a suitable solvent,
the porogen is dissolved which creates a porous scaffold. The porosity can be altered by
altering the composition of the polymer mixture or the volume fraction of porogen.

The technique produces scaffolds with a degree of porosity between 50-90% and
pore sizes ranging from 5 to 600 pm. The pore sizes can also be tuned by altering
the porogen content or its size and shape [7]. The process is relatively easy and of
low cost. The long processing time, variations in pore interconnectivity, and poor
mechanical properties are the disadvantages [8]. The thickness of the scaffold is also
limited. Hazards from residual solvent may also be anticipated.

3.2 Thermally induced phase separation/ TIPS

The polymer to be used like PLA is dissolved in an easily sublimable solvent with a
low melting point like dioxane. The mixture is then quenched to induce phase separa-
tion and polymer rich and polymer poor phases are formed. When the mixture is
cooled below the melting point of the solvent and then subjected to vacuum drying,
sublimation takes place leaving behind a porous scaffold. The scaffolds obtained
have high porosity of more than 90% with uniform pore size and good pore intercon-
nectivity. But uniform pore distribution cannot be attained and the reproducibility
of scaffolds is also unattainable [6]. Since the technique uses lower temperatures and
there is the complete removal of the organic solvent, TIPS is particularly employed for
bioactive heat labile drugs. Thermoplastics are mainly processed by the TIPS tech-
nique. The process is relatively inexpensive also.

3.3 Gas foaming

This technique uses pressurized and non-pressurized gases instead of organic
solvents for porosity formation. In the polymer solution, gases are introduced by in
situ generation of gas bubbles known as nucleation. Nucleation can be achieved by a
chemical blowing agent or by a physical blowing agent. Agents like sodium bicarbon-
ate act as chemical blowing agents whereas gases like nitrogen and carbon dioxide are
used as physical blowing agents [9]. The evolution of gases results in void formation
and formation of a porous matrix.

By this method, hazards related to the organic solvents are eliminated. Highly porous
scaffolds are obtained with the preservation of the bioactive species. Porosity is approxi-
mately 85% and pore size is approximately 100pm. This method applies to both hydro-
phobic and hydrophilic polymers [10]. The disadvantages include lack of precise control
over pore size and poor pore interconnectivity. The processing time is also longer [11].
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3.4 Freeze drying/Lyophilisation

In freeze drying, a polymer solution is prepared by dissolving the polymer in an
organic solvent or organic solvent-water emulsion. The polymer solution is mold cast
and frozen below its triple point by liquid nitrogen or by refrigeration. The frozen mix-
ture is then subjected to two step drying process. The primary and secondary drying by
sublimation removes the formed ice crystals and pores are formed in their places [12].

It’s a commonly used method where almost dry and highly porous scaffolds with
high interconnectivity are made. The porosity obtained is more than 90% and pore
sizes range from 20 to 200 pm. Irregular pore sizes are obtained but pore sizes can be
controlled by altering the temperature, drying time or polymer concentration. The
procedure is expensive and time consuming [13].

3.5 Melt molding

This is the technique used for thermoplastic polymers where the polymers are
melted and cast into a suitable 3D mold. The structure of the mold conforms to the
defect. Porosity will be introduced by methods like gas foaming or particulate leach-
ing. Later, the scaffolds are freeze dried. Most commonly used polymer for melt
molding is PLGA due to its low glass transition temperature. PLGA is mixed with
gelatin microspheres and cast in a Teflon mold. The mold is then heated above the
glass transition temperature of PLGA which allows the incorporation of biomaterial
through the gelatin forming a composite. The composite is then placed in water so that
the water soluble microspheres get dissolved leaving behind a porous structure [14].

The method is simple with precise control over pore size and pore interconnectiv-
ity. There is no use of organic solvents that is detrimental to cell growth and differen-
tiation. The disadvantage is that thermolabile drugs cannot be incorporated because
of the high temperatures during melt molding [15].

The most commonly used strategy in melt molding is the injection molding
technique. It’s a highly economical, productive and flexible technique.

3.6 Sol-gel method

The principle behind the sol-gel process is hydrolysis and polycondensation. The
precursors are organic or inorganic metal compounds like metal alkoxides or metal
chlorides. These are dissolved in water or organic solvent where they undergo hydro-
lysis and polycondensation to form a colloid solution. The resultant solution is then
cast into 3D molds. The low viscosity of sol makes it easier to cast into any particular
shape. Then in the 3D mold, the gelation process starts with interactions between
the contents forming 3D networks. The resultant product is dried in the mold itself
and later subjected to gentle heating for solidification of the matrix. Dehydration or
chemical stabilization is done later to create ultra-stable porous material [16].

This technique uses low temperatures but longer processing time and the high cost
of the raw materials precludes its wide application. The sol-gel method is particularly
employed for the fabrication of bioactive glasses and bioceramics.

3.7 Electrospinning

The most commonly employed technique to produce nanofibers is electrospin-
ning. In this spinning, technique electrostatic forces are used to produce fibrous
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scaffolds from biocompatible polymers. It’s a rapid and simple technique where high
voltage electric current is applied to a molten polymer solution that is extruded out
of a fine needle. The ultra-fine polymer fibers thus generated are deposited on a
grounded collector. The method uses two electrodes, one placed into the spinning
polymer solution and the other attached to the collector. When an electric charge is
applied to the molten polymer contained in the capillary tube, a charged jet of fluid
is ejected. The discharged jet solidifies when traveling in the air and forms a polymer
fiber that is deposited onto a grounded metallic collector [17].

The formed scaffold mimics the extracellular matrix and has a high surface to
volume ratio. Electrospinning can process a wide range of polymers and can fabricate
micro and nano scaffolds with high porosities.

4. Advanced techniques/rapid prototyping (RP)

Rapid prototyping comprises those advanced manufacturing processes that enable
the creation of tailor-made patient-specific scaffolds useful in tissue engineering. This
unique process helps in the direct manufacturing of scaffolds from data obtained by
computer aided designing (CAD) models, CT or MRI. RP is also known as solid free-
form fabrication or additive manufacturing. Since there is a layer-by-layer deposition
of the material, precise spatial control is possible over the polymer structure and
desirable mechanical properties can be achieved [18].

The first 3D printing technology was reported by Hull et al, in 1986. They
described a 3D scaffold fabrication technique that used UV light exposure for
layer-by-layer fabrication of constructs [19]. Because it’s a layer-by-layer fabrication
technique, the precision of constructs was high, unlike the conventional procedure.
Over the years, other additive manufacturing techniques were developed.

The basic technique is as follows. A computer aided three-dimensional design of
the scaffold is produced preferably from the data obtained through CT or MRI. The
design is then transferred to a standard tessellation language (STL) [14] format where
it can be sliced into thin horizontal cross-sections. The resultant data obtained is then
transferred to the RP machine which fabricates the scaffold by layer-by-layer deposi-
tion of the polymer material.

4.1 Stereolithography

Stereolithography is an additive manufacturing technique that solidifies resin
into 3D scaffolds by photopolymerization. The principle of stereolithography is the
selective curing of a photosensitive resin/polymer by using an ultraviolet [20] laser.
The main components of the system are a tank containing photosensitive liquid
polymer, a built platform for depositing the cured resin, a UV laser for radiation
and a dynamic mirror system. With the help of UV laser, a layer of photosensitive
resin is deposited on the platform. Once the initial layer is deposited and solidified,
the platform is lowered vertically and a second layer is placed over the first layer.

In this manner, a 3D scaffold is created. After cleaning off the uncured resin, post
curing is done for the scaffold using UV light. The process uses data from an STL
file, where a 3D model is converted into 2D slices, based on which layer-by-layer
deposition occurs.

The curing reaction of resin is an exothermic reaction that is initiated by UV
light. During the curing process, two transition stages are noticed — gelation and
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vitrification. In gelation, the liquid resin changes to rubbery consistency with
increased viscosity. In vitrification, the rubber resin changes to glassy solid resin [21].

Four generations of stereolithography approaches have been described so far.

The first generation technique described by Hull uses a laser beam to cure the liquid
resin [19] the second generation technique is known as projection stereolithography
where each layer is simultaneously cured by photo mask technology. Here, once a thin
layer of resin is deposited, the resin is illuminated through a photo mask for curing.
The uncured portions are removed, refilled with resin and again cured. The process

is repeated until the desired pattern is obtained. The need for several masks and the
precision required during mask alignment makes this a time consuming process and
therefore less desirable [22].

In 2015, Tumbleton et al, described the third generation approach which is the
continuous lithography technique. It is based on continuous liquid interface produc-
tion (CLIP) with which the print speed of scaffolds can be reduced from hours to
minutes [23]. A recent innovation in this context is the volumetric stereolithography
that fabricates 3D geometries and is useful in processing high viscous resins.

Uniformity in pore structure and pore interconnectivity can be obtained. The
viability of cells and the presence of growth factors can be maintained. The technique
is quite expensive.

4.2 Selective laser sintering (SLS)

An additive manufacturing technique in which laser is used as the heat source
to fuse the powder particles is known as SLS. This is also a layer-by-layer forma-
tion technique based on computer assisted pre-designed architectures. A computer
controlled laser beam like a CO, laser is used on powdered materials. The heat from
the laser sinters/ fuses the powder and this continues in a layer-by-layer manner to
build 3D constructs. Cells or biomaterials cannot be incorporated into scaffolds due to
the higher temperature involved [9].

High precision and control over scaffold fabrication are possible with a high
degree of porosity and mechanical strength. Only thermally stable materials can be
processed by this method. Removal of residual material is also tedious as the com-
pound materials are in powdered form [24].

4.3 Fused deposition modeling (FDM)

The most popular and widely used additive manufacturing technique is fused deposi-
tion modeling. They are used for metals and thermoplastic materials. Here, a tempera-
ture controlled extruder and nozzle help in depositing the thermoplastic material onto a
platform to produce 3D scaffolds. The material in the form of filament is driven through
the extruder using rollers and gets converted into a molten form. Through the nozzle,

a thin layer is deposited precisely and sequentially. The extrusion and deposition are
entirely under the control of a computer aided tool. The deposition takes place on the
surface of a base that is movable vertically which allows it to be lowered after the deposi-
tion of each layer, thereby adding more layers on top. Layer-by-layer deposition of the
thin filament takes place which cools on exposure to air resulting in the fusion of these
filaments to form scaffolds of desired 3D architecture [9].

The scaffolds obtained have high mechanical strength and a high degree of poros-
ity. The size and structure of the pores can be adjusted [25]. As the technique uses
high temperatures, non-thermoplastic materials cannot be processed by FDM.
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4.4 Three dimensional bioprinting

A recently developing technology that uses bioinks and living cells to print 3D
structures is bioprinting. In this additive manufacturing technique also, layer-by-layer
development of tissues and organs is accomplished in a bottom-up manner. Every
attempt is made to mimic the normal tissues in both form and function. Advantages
include the creation of patient-specific tailor-made constructs which mimic the
concerned tissues or organs. Since the process is automated, precision can be achieved
in the organization of cells and extracellular matrix. Layer-by-layer construction also
ensures good pore interconnectivity. But the technique is also expensive and complex
[26]. The bio ink used for bioprinting is a composite made of cells and other bioma-
terials. They can also be made from natural and synthetic polymers such as alginate,
collagen, hydroxyapatite, polyethylene glycol,l etc.

The different strategies involved in 3D bioprinting are ink-jet printing, extrusion
printing, and laser assisted bioprinting [27]. The basic steps in all strategies are the
same with a pre-processing, processing and post-processing phases. In the pre-pro-
cessing stage, the bio images of the target tissue are obtained via CT or MRI, followed
by the construction of accurate 3D models using CAD. The data thus obtained will be
converted to 2D stacks based on which the bio ink is selected and fed to the bioprinter.
In the processing phase, actual bioprinting is done in a layer-by-layer manner using
any of the four strategies mentioned earlier. Post-processing phase is a maturation
phase in a bioreactor, followed by structural and functional characterization of the
constructs [28].

Bioprinting can be done as a scaffold based and scaffold free approach. In the scaf-
fold based approach, the cellular deposition takes place on a biomaterial matrix in the
form of a 3D construct. The construct should closely mimic the extracellular matrix
so that cells will grow and populate it. In scaffold free approach, cells or tissues will be
directly laid down to form patterns like spheroids or honeycombs [29].

4.4.1 Ink-jet based bioprinting

In this type, the bioink is deposited over a biopaper substrate. The technique is
digitally controlled and has a non-contact printing pattern. Two ways of ink-jet print-
ing are continuous ink-jet printing and the drop-on-demand (DOD) technique [30].

In continuous ink-jet (CIJ) printing, pressure is applied on the bioink to force it
out of a nozzle as a continuous jet. The ejected jet is subjected to an electric field to
deflect it onto a substrate. The excess droplets are deflected to a gutter for collection
and re-use. In DOD inkjet printing, the droplets are produced on demand. Instead of
the continuous pressure CIJ method, here a pulsed pressure is used. DOD technique
is more favored because there is no reuse of the bioink as in the CIJ] method, thereby
avoiding the risk of contamination [31].

The DOD technique is further categorized into two types, thermal method and
piezoelectric method. In thermal method, a pulsed electric current is applied to a heat-
ing element that vaporizes the ink creating pressure by the vapor. This pressure forces
the bioink through the nozzle onto the substrate [32]. But in the piezoelectric method,

a pulsed voltage is applied onto the piezoelectric transducer that creates pressure.
Exposure to high temperatures is occurring only for a few microseconds and so the
viability of cells is not compromised [33]. The printing characteristics depend on the
viscosity of the ink and the size of the droplets, which in turn depends on factors like
nozzle size, nozzle to substrate distance, temperature gradient, frequency of current etc.
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4.4.2 Extrusion based bioprinting

This is a direct ink writing method where the material is continuously extruded
out of the nozzle for layer-by-layer deposition and the creation of 3D architecture.
Here, either mechanical force from a piston or pneumatic forces are used for extru-
sion of bioink through the nozzle onto the substrate. The whole process is computer
controlled and produces small streams of bioink in contrast to the droplets of inkjet
method [34]. This technique is favorable for highly viscous bioink types and also for
high cell densities. The drawback is that the high forces for extrusion may affect cell
viability and distorts the cellular structures [20].

4.4.3 Laser assisted 3D bioprinting

This is a non-contact direct writing method where the deposition of bioink onto
the substrate is facilitated by a pulsed laser beam. The three main elements of laser
assisted technique are a pulsed laser source, a ribbon coated with heat sensitive bioink
and a substrate for printing [30]. Laser source can be UV or near UV wavelength
lasers. Volatilization of the bioink on the ribbon takes place with the application of
laser which propels a high speed jet of cell laden bioink onto the substrate. The sub-
strate here is a plate made of quartz or materials that allows laser transmission [35].

Sometimes, a sacrificial interlayer is placed between the bioink and the ribbon,
which has laser absorbing properties, thereby assisting in maintaining cell viability.
Coating the substrate surface with a natural biopolymer can also help, by facilitating
cell attachment and growth. The two approaches described are the LIFT and MAPLE
DW. LIFT uses high energy pulsed laser whereas the latter uses a low powered pulsed
laser. In LIFT, the sacrificial layer is made of metal or metal oxides. High energy
pulsed laser can cause rapid thermal expansion of this sacrificial layer that causes high
speed propulsion of bioink onto the substrate. Biological laser processing or BioLP is a
variant technique where the sacrificial layer is a hydrogel.

The living cells can either be embedded inside the polymeric matrix or imprinted
onto the matrix. The viability of cells is affected by the energy of the laser, the
thickness of sacrificial layer and the viscosity of bioink. Thicker sacrificial layers and
viscous bioink favored cell viability whereas higher energy of laser compromised it.

The factors to be considered during 3D bioprinting are the following. The choice
of bioink should be accurate to favor the formation of a desirable 3D structure. Low
viscosity bioinks should be preferred as high viscosity bioinks can compromise the
cell viability during the extrusion process [36]. Most of the systems can only print
one type of bioink during one deposition process. Attempts including the use of multi
nozzle bioprinters were tried to extrude different types of bioink during a single
deposition process. Moreover, the structure once printed cannot transform itself in
response to biological stimuli. This is in contrast to the nature of native tissues that are
highly responsive and dynamic [37]. Taking all these into consideration happened the
emergence of four dimensional printing techniques.

5. Four dimensional printing

Four dimensional printing is the most advanced technology for the fabrication of
multi material scaffolds. They are tailor-made and patient-specific with the potential
to change shape over time [38]. They are mostly made of those materials that respond
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to stimuli and undergo dynamic configuration in response. Thus, they are of high use
in large bony defects. Their development is still in infancy, because of challenges like
the need to cope with the dynamic transformation of native tissues [38].

6. Conclusion

Since tissue engineering is an interdisciplinary field, the developments happen-
ing in scaffold fabrication techniques have an important role in determining success
in this field. The fabrication techniques have evolved from conventional ones to
the current 3D bioprinting methods where tissues and organs are engineered. Each
technique has its pros and cons. 3D printing technology has and will play an impor-
tant role in the field of scaffold development. But the development of a scaffold that
can match the dynamic responses of the native tissues is still unattained. Studies
related to the nanoarchitecture of the scaffolds as well as the incorporation of bioac-
tive molecules and their sustained release are still in their infancy and are areas of
potential research.
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Abstract

In clinical practice, dentists face alveolar bone loss that needs to be managed
by bone grafts. The basic bone grafting materials are autograft, allograft, xeno-
graft, and alloplasts. Autografts are gold standard because it has osteoconduction
osteoinduction osteogenic. However, they possess risk for the morbidity of the donor
site and limited availability. Allograft have possibility of disease transmission and
immunologic reactions. These problems potentiated the use of alloplasts. For bone
regeneration, hydroxyapatite is the reference material because of its biocompatibility,
bioactivity, osteoconductivity, and osteoinductive property. Natural hydroxyapa-
tite can be synthesized from fishbone, coral, bovine bone, eggshell, and seashells.
Hydroxyapatite bone substitute has ideal properties for socket preservation, sinus
augmentation, periodontal regeneration and in restorative and preventive dentistry.
When used as implant coatings, they support osseointegration and osteogenesis.
Hydroxyapatite known for its bone regenerative capacity. Nano-hydroxyapatite, with
smaller size and wider surface area, permits more proteins and cells to attach to the
surface speed up regeneration. Hydroxyapatite are used as inorganic building blocks
for tissue engineering or as nano-fillers with polymers. Furthermore, ion doping
and surface modifications have been reported to prepare functionalized hydroxy-
apatite. This chapter illustrates the role of hydroxyapatite in regenerative dentistry,
and advances and advantages of using it as a component of other dental materials,
whether experimental or commercially available.

Keywords: natural hydroxyapatite, bone regeneration, restorative dentistry, scaffold,
dental materials

1. Introduction

Hydroxyapatite (HAp)—the key inorganic element of teeth and bones [1, 2]. It is
extensively used in dental clinics and for bone repair, because its good biocompat-
ibility and biological activity. Nanohydroxyapatite (nHA) a type of nanomaterial
having small crystal grain diameter, wider surface interface, high surface and
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binding energy. Nano-hydroxyapatite act as a drug carrier to deliver anti-tumor
drugs [3]. High hardness and wear-resistance of tooth enamel depends on the
braidedinorganic-organic composite structure and multilayer structure [4]. The
natural remineralizing ability of hydroxyapatite is still restricted, but numerous
studies have shown a high promoting effect on remineralization. There mineral-
izing performance is further improved by the introduction of acidic amino acids
and flouride. To speed up the drug absorption and to treat periodontal diseases such
as jaw cyst, HAp paste is effectively used [5]. Nano-hydroxyapatite with porous
microspheres have numerous benefits such as high drug load,large specific surface
area, better biocompatibility, pH-responsive degradation, used in tumor detection
and tumor drug carrier, in bone repair, the combination of HA with natural and
synthetic polymers has effectively solved problems such as high brittleness and
uncontrollable degradation rate” [5].

2. Shortcomings of available bone regenerative materials

A bone graft material’s main purpose is to aid osseous healing by providing a cel-
lular environment for new bone creation, a structural framework during the healing
process. Tissue viability, defect size, graft size, shape, and volume, biomechanical
features, graft handling, cost, ethical considerations, biological traits, and associated
repercussions all factor into the optimum bone graft selection [6]. Bone graft material
has different attributes for regeneration and they vary according to the graft material
used (Table1) [7].

The materials utilized in grafting of bone can be classified into different categories
mainly autografts, xenografts, and allografts. Other types include biologically and
synthetic based biomaterials, tissue-engineered biomaterials, and combination of
these substitutes (Table 2).

The grafts mentioned above has its own set of benefits and drawbacks. Following
are the shortcomings of available bone regenerative materials (Table 3).

After decades of research works on the best available regenerative materials,
studies have reached a prime focus on naturally available resources. Out of which
naturally available hydroxyapatite has gained much attention compared to readily
available synthetic grafts due to its predictable results. Hydroxyapatite is a natural
polymer of calcium phosphate derived from bone or natural materials such as
coral, algae, fishes and other marine sources and commonly utilized to accelerate

Attribute Description
Osteogenic Ability to differentiate and produce bone
Osteoinductive Provide a biologic stimulation (proteins and growth factors) that causes mesenchymal

stem cells and other osteoprogenitor cells to proceed into the osteoblast lineage

Osteoconductive Allow for cellular attachment, proliferation, and migration by providing a structure
and topography that allows for cell attachment, proliferation, and migration

Osteointegrative [8] Forms tenacious bond formed between the new mineralized tissue & graft material

Table 1.
Attributes of bone grafts [7].
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Type Description

Autografts Because of osteogenic, osteoconductive, and osteoinductive capabilities, along with the lack of
foreign body responses, they are the bench mark. Obtained from intra oral and extra oral sites.

Allografts Biological materials obtained from the same species. Primarily serve as an osteoconductive or
structural matrix, but they lack osteoinductive qualities.

Xenografts Bone substitutes derived from other species like bovine or swine grafts, and transplanted into
humans having osteoconductive property

Alloplasts Synthetic bone graft substitutes having osteoconductive property

Table 2.
Various kinds of bone grafts [9-11].

Bone graft Short comings
Autograft Needs second surgery so surgical morbidity and discomfort, possibility of surgical
[9-14] complications, ankylosis and root resorption, limited graft volume

Cortical bone grafts-higher resorption rate, less vasculature, resulting in less bone remodeling

Cancellous bone grafts-mechanically weak

Allografts Infection and allograft fracture due to decreased revascularization, possibility of transmission

[11-14] of disease, sterilization of graft may compromise its osteoinductive potential, high cost of
procurement, the host’s immune reaction, inconsistency of graft integration, high failure rate,
expensive, due to ethical and legal concerns.

Xenograft Antigenicity, tissues must be handled carefully to eliminate organic components,

[11-17] unpredictability of regeneration and resorption rates

Alloplasts Demineralized bone matrix-lack of structural stiffness caused by processing and the

[11-17] difficulty to locate the material radiographically due to its intrinsic lucency. Ceramics are not

osteoinductive, compressive strengths are lower than cortical bone

Table 3.
Shortcomings of bone regenerative materials.

bone repair owing to its potential to operate as a structural scaffold. Because
chemical composition of hydroxyapatite closely mirrors that of bone’s inorganic
component, it can be employed as a superior biocompatible bone grafting mate-
rial. Natural HA is less expensive, and the key raw ingredient is readily available.
Natural HA shows substitutions and traces of certain chemical elements due to
which its bioactivity behavior can be enhanced, compared with that of synthetic
HA. Also this kind of substitutions promotes the formation of noval bone. Natural
HA is considered as a better regenerative material than synthetic Hap due to

its bone bonding ability, significant biocompatibility mediated by its porous
architecture [11-18].

Although synthetic HA is widely known for its capacity to link with bone tissue,
it is restricted due to its reduced solubility, sluggish rate of bone binding ability,
and bacterium adhesion inhibition. This is a significant disadvantage since patient
recuperation is hampered, and infection can result in surgical failure. Because HA’s
crystal structure is porous, it can easily accommodate ion replacements. Due of its
increased crystallinity and Ca/P ratio, synthetic HA has a very low resorption rate.
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Another important issue with HA is its low mechanical strength, which prevents it
from being employed in high-load-bearing applications [11-17].

3. Clinical application of hydroxyapatite in alveolar bone regeneration

Many grafting materials are used in dentistry which include allograft, autograft,
alloplastic and xenograft graft. The advantages and short comings are mentioned
above in this chapter.

Since then there is an interest in the use of alloplastic (synthetic) grafting
materials.

The first synthetic bone graft that was used in 1892 by Van Meekeren, who treated
bone defect as using calcium sulfate. Since then, materials classified under bioceram-
ics are substituted as bone grafts in humans. The conventional bioceramics material
that is used for the regeneration of bone is hydroxyapatite (HA) [19-21].

Hydroxyapatite (HA) is an important class of material belonging to the calcium
phosphate ceramic group which is also applied for regenerative bone surgeries.
Normal human bone is mainly comprised of 69 weight% mineral apatite, 22 weight
% organic component and 9 weight % water and the mineral components of the bone
were formularized as calcium hydroxyapatite, which contains irregularly shaped
particles of size ranges from 30 to 45 nm length and width and an average of 5 nm
thickness [22].

HA with the general formula of (Ca 10(P0O4)6(OH) 2) contains calcium phosphate
in ratio of 1.67, that is similar to bone. HA is the stable form of calcium phosphate-
based materials, which is less soluble. It contains only calcium and phosphate, so it
does not cause any tissue inflammation, and is biocompatible and HA is commonly
used for orthopedic, dental, and maxillofacial applications, also as a covering material
for metal implants or as a bone filler [23, 24].

In daily practice, dentists encounter alveolar bone loss and the reasons include
extraction, tumor surgery, or periodontitis. The resultant bone defect hampers not
only for prosthetic reconstruction but also has an esthetic effect. Due to this, bone
surgeries are usually performed to regenerate the lost bone and restore the alveolar
ridge contour. Taking all this into consideration alveolar bone regeneration has a role
in all aspects of dentistry [25-27].

Dennissen et al. which was the primary study in performing HA in over denture
and submerging root therapy in vital tooth for preserving the bulk of the alveolar
ridge for better retention of prostheses [28].

John W. Frame Hydroxyapatite have excellent biocompatibility, tolerated by the
hard and soft tissues of the mouth and jaws, a great potential for the future. Paper
reviewed the material in its physical form in both porous and solid structure and its
behavior in relation to its biological effect in various sites noted for implant place-
ment, and its technique of surgery. The known controversies and doubtsabiut the
material is mainly regarding alveolar ridge augmentation [29].

Nurul Saadah Razali Alveolar ridge loss is a physiologic consequence of extrac-
tion. This event causes feasibility of implant placement, prosthetic rehabilitation
and esthetic outcome. An attempt to minimize the shrinkage of the alveolar bone,
socket preservation was launched to intercede with the natural process by providing a
scaffold with antibacterial and regenerative properties. For decades, hydroxyapatites
(HA) used as one among biomaterials used for socket preservation treatments and it
was considered as biocompatible and osteoconductive [30].
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Anne Handrini Dewi Determined and analyzed the potential use of HA asa
substitute of bone for alveolar bone regeneration procedures. The application of HA
as bone substitute intervene the healing process [31].

Niranjan Ramesh Hydroxyapatite (HA) is a bioceramic biomaterial that copies
the mineral composition of bones and teeth. HA, was commonly made via various
techniques in previous years, and it is found to have excellent bioactivity, osteocon-
ductivity, and biocompatibility. HA has been used in combination with polymers in
the form of bio composite implants to improve the mechanical properties and it also
enhances its activity by exploiting the effects of both HA and the polymer involved in
making the biocomposite [32].

Graig D. Brown A newly developed hydroxyapatite cement helps to promote
regenaration of bone in craniofacial defects and was assessed to determine its poten-
tial in treating osseous defects. HAC appears to be sufficiently structurally stable for
reconstruction and augmentation of non-stress-bearing portions osseous defects [33].

Yukna RA Used HA graft material shows more clinical benefits in majority of
patients with extensive periodontal defects along with open flap debridement [34].

Aparna Singh HA in conjunction with resorbable collagen membrane is used as an
acceptable alternative to autogenous block graft and non-resorbable membrane for
treating compromised alveolar ridge deficiencies [35].

4. Applications of hydroxyapatite for regeneration of tooth structures

Regenerative dentistry a branch of regenerative medicine that emphasis on
oro-dental pathologies inclusive of bone defects such as periodontitis and alveolar bone
resorption and tooth destructive disease like dental carries and pulpal necrosis [36].
All these localized skeletal ailments directly influence the quality of life of patients and
healthcare resources. In order to address these aliments effectively, targeted therapies
towards regeneration of both tooth and bone [36, 37].

The current treatment methods consist of replacing the lost structure with direct
and indirect synthetic restorative materials. In more severe cases of dental caries or
traumatic incidents, dental pulp can be compromised in reversible or irreversible
inflammatory responses or pulp necrosis. Regenerative endodontics includes biologi-
cal procedures to replace damaged dentin or root structures as well as pulp-dentin
complex cells. Pulp capping and dentin regeneration using current biomaterials have
notable limitations [36]. Severe inflammatory reactions induced by the synthetic cap-
ping materials are the major drawbacks in this methodology that can result in therapy
failure. To address these limitations, research in dentistry continues to bring more
decisive and reliable methods. In this way, establishing novel regenerative approaches
and regeneration of dentine —pulp complex is the mainstay [37, 38].

Dental pulp regeneration requires the embodiment of a scaffold conducive with
the regeneration of the pulp-dentin complex. ECM-derived proteins and or other
natural resources can be employed as natural scaffolds for tooth regeneration. These
biological materials can be easily engineered for production of a variety of polymeric
and composite scaffolds [38]. HA, a glycosaminoglycans in the extracellular matrix,
can enhance cellular metabolism and mineralization in hydrogel form, as natural
platform for treating dentin/pulp complex in presence of human DPSCs (Dental pulp
stem cells) and apical papilla stem cells [39, 40].

Because tooth structure is complicated, complete tooth regeneration will be dif-
ficult. As the first step in tissue engineering for the tooth, regeneration of dentine or a
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substitute should be attempted. To reconstruct a tooth in whole or in part, adoption of
a scaffold can be used to form a tooth with three-dimensional structure. Thus for the
regeneration of dentine or pulp dentine complex, porous hydroxyapatite scaffold may
be used. Therefore, an HA scaffold with a hollow center similar to a tooth structure
was devised and used [40]. HA scaffold was effective for dentin or dentin pulp regen-
eration. Thus it can be a perfect choice for tooth regeneration using a hydroxyapatite
cylindrical scaffold. Osteogenesis due to stem cells in the HA was also found to be
excellent [40].

Hayakawa S. et al. stated that HA platforms are effective for regeneration of
dentin-pulp complex. When hDFSCs seeded on Synthetic HA scaffold (ENGIpore®©)
and incubated for 6 weeks an intense adherence, colonization of polygonal-shaped
cells to the HA platform which was similar to dentin [41].

Campodoni et al. used Mg-Hydroxyapatite on gelatin polymers which were
embedded in a matrix from chitosan blend and gelatin, to create a biocompatible 3D
porous composite structure. This product is similar to dentin in its architecture and
chemical composition, adaptability for cells to adhere, and differentiate [42].

Hydroxyapatite can be commonly fabricated from natural sources like fishbone,
coral, bovine bone, eggshell, and seashells through the calcination process. The trace
ions consisting of Na+, K+, Mg2+, Sr2+, Zn2+, and Al3+, or anions like F-, Cl-, SO4
2-, and CO3 2- make HA non-stoichiometric [42]. These trace of ions, are beneficial
to promote rapid bone regeneration [43].

Natural and Synthetic hydroxyapatite based materials have been preferred over
allografts and autografts for hard tissue repair. Commonly associated problems with
the grafts include donor site morbidity, graft shortage, graft rejection, and disease
transmission [44].

HA application in orthopedics can used in restoring bone defects and augmenta-
tion of bone. The interlocked porous structure of hydroxyapatite based implant can
function as an extracellular matrix, favoring tissue regeneration and cellular develop-
ment. Furthermore, HA promotes firm anchorage to the surrounding tissue and the
implant thus enhances the osseointegration process. The anchorage of bone for longer
periods enhances the successful osseointegration, hence completely restoring the
functional ability [45].

Another remarkable application of HA in tooth regeneration as HA cylinders. HA
cylinders can be used for replacement of tooth. Earlier HA was used dental cements
presently its also used in toothpaste [46, 47].

Porous hydroxyapatite is an excellent biomaterial for tooth regeneration.
Yoshikawa et al. [40] reported the susceptibility of HA in porous structures as a
platform for tooth regeneration [48].

The another application of HA is in drug delivery system. The high-binding affin-
ity and natural porous structure of HA enhances the drug loading ability [40].

The pure form of HA is not used for hard tissue restoration because of its low and
brittle load bearing capability. Hence HA is used along with polymer or in composite
form for the application of hard tissue regeneration [49, 50].

In this case, the toughness, elasticity of the composite matrix which also include
its compressive strength of HA ceramic phase improves the properties of HA and thus
enhances the effectiveness of the scaffold when used in tooth regeneration [51].

The development of new trends lead to the fabrication of nano-HA can acceler-
ate dentin remineralization [52]. Nano- HA provides a rich source of calcium thus it
acts as shielding material against caries and dental erosion [53]. HA requires calcium
hydroxide in an enormous amount and is calculated by the increased Ca/P value.
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Additionally the application of nanoHA in toothpaste function as filler for the repair
the sunken enamel surfaces and also favors a protective covering on the dentinal
tubules that are dissolved, contributing a speedy and quick cure from tooth hyper-
sensitivity [47, 54]. Hydoxyapatite comes with various unique kind of properties like
it does not induce any inflammation or toxicity, has the capacity to chemically bond
with the bone and has the property of stimulating the growth of bones [50].

5. Hydroxyapatite for dental implant surface coating

The dental implants are used as a substitution for tooth replacement and made
from stainless steel, cobalt-chrome alloys or titanium. Among these materials,
titanium and its alloys gained high importance due to its highest biocompatibility,
mechanical properties, excellent corrosion resistance, strength and relatively low
weight [55, 56].

The Ti-based implants still remain many restraints to be implanted in human
body. The high modulus of elasticity of Ti compared to the bone can persuade stress
shielding also the poor tribological behavior of Ti could cause severe adhesive wear
and as a consequence, generate debris in the blood stream leading to bone resorption.
Implant loosening may occur because of infection in the neighboring tissues and lead
to implant failure [57-59].

All these limitations can be eliminated by altering the composition, morphology
and surface structure making the mechanical properties intact [60].

The implant surfaces can be modified, as there is furtherance in technology and
the modified implant surfaces will improve rate of osseointegration. Current modifi-
cations include plasma spraying the implant surfaces with either hydroxyapatite (HA)
or titanium beads [61-64].

There are numerous reasons for coating implants with HA. The implementa-
tion of HA coatings thus alter the implant surface characteristics has been known
since 1980s. Better osteoblastic activity and increased collagen levels are discern in
cells growing on HA-coated Ti implants, improve bone fixation and thus increases
the lifetime of metallic implants, enhancing the ingrowth of mineralized tis-
sue improved the biological fixation, bioactivity, and biocompatibility of dental
implants. Thus, it is concluded that the HA coatings on metallic implants would
enhance osseointegration and thus decreasing the time from implant insertion to
final reconstruction.

6. Ha coating methodology

The application of apatite coatings on dental implants is a favored surface
modification. HA and fluorapatite are incompetent to be used as implants, as they
are brittle in nature. Therefore, load-bearing implants have been coated with HA and
Fluor apatite to enhance earlier osseointegration. Various techniques are:

1. Sol-gel coating.

2. Plasma spraying.

3.Biomimetic deposition.
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4. Electrochemical deposition.
5.Electrophoretic deposition.
6.Ion sputtering

7.lon plating.

8.Ion implantation

9.Ion-beam-associated deposition

10. Super-high-speed (SHS) blasting process

11.Dip coating
6.1 Sol-gel coating
6.1.1 Preparation of hydroxyapatite sol

For preparation of sol-gel HAp coating, a blend of calcium and phosphorus
precursors are used for preparation of sol with addition of solvents like ethanol and
water.

Table 4 shows the commonly used precursors and solvents for the preparation of
hydroxyapatite.
6.2 Plasma spraying (PS)

In PS technology it uses a device to melt and deposit a coating material at a high
velocity. A direct-current electric arc created by a high current, low voltage electrical

Precursor Solvent
Ca precursors * Calcium acetate monohydrate Calcium nitrate * Water and 1,2-ethanediol
tetrahydrate . Water
* Calcium nitrate tetrahydrate Calcium nitrate « Ethanol
tetrahydrate calcium chloride
* Water and ethanol
* Water
P precursors * Phosphoric acid e Water
* Ammonium phosphate dibasic * Water
* Triethylphosphite * Water and ethanol
* Triethylphosphite * Ethanol
* Trimethyl phosphate * Water
* Phosphorus pentoxide * Water
¢ diammonium hydrogen orthophosphate
* Trisodium phosphate
Table 4.

Precursors and solvents of HA [65].
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discharge between two electrodes produces a plasma flame. The arc super heats a
carrier gas stream that contains the molten HA powder. The HA is deposited on the
implant by the plasma flame. Adherence of the HA to titanium is mechanical and can
be promoted by a roughened substrate surface [66].

Chen et al. determined functionally graded HA/Ti composite coatings had supe-
rior mechanical properties over monolithic HA coatings. He concluded that incor-
porating titanium to HA coating would significantly improve the bond strength
of the PS coating. PS heat treatment affects the HA coating phase by increasing
crystallinity [67].

6.3 Biomimetic deposition

Bone regeneration is a biological process, and precipitation of ions from solution
to form apatite can be considered. An artificial body fluid with ion concentration
similar to human blood plasma is used to form biomimetic apatite [68, 69]. This is a
classical method to test the bioactivity of material and, apatite formed on the surface
of the material can be considered as bioactive [70].

6.4 Electrochemical deposition (ECD)

Electrochemical Deposition-A rapid and excellent method, gives excellent control
of the coating material’s thickness, uniformity, crystallinity, and stoichiometry.
The process temperature of ECD is less compared to the plasma spray method. This
method is typically used to coat hydroxyapatite (HAp, Cas(PO,4);0H), whichisa
commonly used biomaterial for bone implants. HAp is a intrinsically occurring min-
eral form calcium phosphate (CaP) family [71]. Therefore, HAp modification using
ECD method on Ti-6Al-4 V surface have favorable results for osteoconduction. An
ECD with optimized redox voltage on implant enhance the osseointegration process.
This technique could have promising clinical applications to amplify the healing
process and success rates of dental implantation.

6.5 Electrophoresis deposition (EPD)

EPD is a process by which, colloidal particles such as HA nano particles are
suspended in a liquid medium drift under the power of an electric field which are
deposited onto a counter charged electrode. Pressure is concurrently applied to HA
nano particles against the electrode. The coating is formed by pressure exerted by the
potential difference between the electrodes [72].

EPD are currently being used due to its low cost, easy methodology, capable of
producing coatings of variable thicknesses, high deposition rate, formation of highly
crystalline deposits with low residual stresses [73]. EPD can produce HA coatings
ranging from <1 micron to >500 microns thick [74]. Surface patterns created on the
EPD cathode create a patterned HA coating on an implant substrate to change surface
topography and enhance osseointegration [75].

6.6 Ion sputtering

Electron beam evaporation and magnetron sputtering techniques are used to deposit
hydroxyapatite Nano coatings, to optimize the deposition conditions and so achieve
desired properties. The easy replica for ion sputtering is the diode plasma, having a pair
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of planar electrodes, an anode and a cathode, inside a vacuum system. Another type of
sputtering employs radio frequency (RF) diodes that operate at high frequency [76].
Surface characteristics are essential because of its role in enhancing osseointegration.

6.7 Ion plating

Periimplantitis, which is a bacterial induced infection on dental implant materi-
als in human mouth, is one kind of biomaterial centered infection. Periimplantitis
is responsible for losing the bony support of the bioimplants, which may cause great
damage to the patient. Bacterial adhesion resistant surfaces, multiple arc ion plating
methodology, plasma nitriding are used to fabricate Ti nitride coatings on commercial
pure titanium used as dental implant materials [77].

6.8 Ion implantation

Into Ti6AI4V dental implants ion implantation using CO remarkably enhanced
the osseointegrationin terms of the bone-implant contact, compared to the untreated
dental implants. Ion implantation treatments were carried out using a Danfysik high-
current implanter Model 1090. Then the samples were ultrasonically degreased and
cleaned preceding to any treatment, which were performed using gaseous precursors
in a Chord is ion source [78] Chord is ion source is a filament driven ion source with a
small plasma chamber designed for production of singly-charged ions.

6.9 Ion-beam-associated deposition of the HA coating

On Ti-based alloy, using ion-beam-assisted deposition an HA layer can be coated.
The deposition methods composed of an electron beam vaporizing a pure hydroxy-
apatite target.

Argon ion beam was focused on the metal substrate for deposition. The deposited
layers were amorphous. The bond strength between the layers can be increased with
increasing current.

The dissolution rate in a physiological saline solution decreased remarkably. These
enhancements were attributed to an increase in the Ca/P ratio of the layer [79].

With ion-beam assistance, the Ca/P ratio of the layer increased apparently due to
the high sputtering rate of P compared to that of Ca from the layer being coated.

7. Super-high-speed (SHS) blasting process

Super-high-speed (SHS) blasting process is a novel method to increase the bond
strength between coating layer and implant surface so as to stop exfoliation of weakly
layered HA from the titanium surface. An evenly layered micron-thick HA layer could
maintain micro texture of the implant surface. The coating showed increased bond
strength and magnificent wettability properties [80].

71 Dip coating

Hydroxyapatitesol was coated onto titanium rods by a dip coating method. An
ultrasonic homogenizer was used for the preparation of HA sols by dispersing HA
crystals less than 100 nm length in distilled water or physiological salt solution.
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Homogeneity of the surface of the HA coated titanium rods were determined by
scanning electron microscopy (SEM). Tuantuan Li [79] in his study found out, after
implantation of uncoated and HA dip coated titanium rods in dog femurs, new bone
formation was seen only over the coated material. The bonding strength of HA coated
rod was found to be increased after 4 week’s of implantation, as determined by pull-
out testing [79]. The dip coated titanium presented remarkable biocompatibility in
bone replacement applications [71].

8. Interactions at the HA coatings-tissue interface

The cellular response at the HA coated implant and tissue interface be contingent
on the proteins and bio fluid adsorbed onto the surfaces. The implant surface may
release ions into the bio fluid, which in turn react with proteins, water and other con-
stituents of the bio fluid, causing surface remodeling [80, 81]. Thus, the surface qual-
ity of dental implant and its interactions with constituents of the bio fluid are critical
in determining the nature and degree of cellular behavior, especially attachment and
proliferation. According to Kasemo et al. [82] the biomaterial/tissue interactions
occur within a narrow interfacial zone of less than 1 nm, and these initial interfacial
interactions determine the initial bony attachment [82]. Besides the release of ions,
surface energy of the biomaterials also affects the initial cellular contact. 108-111 Non
identical materials possess distinct surface energies. Surface energy can provide a
primary indicator of potential cellular adhesion and implant surface biocompatibility
[83-86]. It has been observed that materials with critical surface tensions of 20 to
30 dynes/cm exhibit minimal cell adhesion, whereas materials with critical surface
tensions above this range have greater degree of bio adhesion. 114 With CaP coatings
of different crystallite size, there was no significant difference in the critical surface
tension [87]. Biomolecules in the biological fluids continuously adsorb on the implant
surfaces are vital for controlling cellular responses. Also changes in protein conforma-
tion after adsorption on biomaterials surfaces may occur and conformational changes
are suggested to elicit differences in cellular response between different biomaterials

(Table5) [88, 89].

9. Advances in nanoparticle incoorporated hydroxyapatite

The fundamental base of the enamel unit is HA particle, size of 20 to 40 nm. The
proteins are almost degraded when the enamel reaches its evolvement. This leads to
the crystallization of apatite; hence the enamel cannot be biologically remodeled [95].

Hydroxyapatite has poor ability to repair fibrous connective tissue surrounding
the granules, at the same time, the porosity, surface geometry and surface chemical
properties of traditional hydroxyapatite scaffolds restrict the application themselves,
especially to alveolar bone repair [96].

The nano-HA formed has been found to own analogous morphology, structure,
and crystallinity as a biological apatite. When compared with larger HA, nano HA
constitutes good biocompatibility, nontoxicity and also having higher resorption
rate [97].

Nano-HA is the ideal treatment option for treating bone defects caused by trauma
or surgery. While macroscale hydroxyapatite particles or blocks have long been
used to treat bone abnormalities, nanoscale hydroxyapatite particles recently been
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clinically introduced in an injectable form. When combined with stem cells or growth
factors and placed on a scaffold, nano-HA can be used in tissue engineering and bone
or cementum regeneration. It can help with oral surgeries like cleft lip and palate
repair and periodontal procedures [98]. Composites containing nano-HA are used

to fill the alveolar socket and reduce alveolar bone loss immediately after extraction
because they can recreate the bone structure and environment while maintaining the
bone’s flexibility and resistance [99].

There are various studies demonstrating applications of nanohydroxyapatite in
periodontics. Lowe et al. [100] concluded that chitosan nano-HA-fucoidan scaffold
has high biocompatibility and mineralization and also that the composite membrane
exhibited a applicable micro architecture for cell growth and nutrient supplementa-
tion. Lee et al. [101] found out that reduced graphene oxide/HA nanocomposites
accelerated bone regeneration and stimulated osteogenesis. Uysal et al. [102] evaluated
the efficacy of treating periodontitis using subgingivalnano-hydroxyapatite powder
with an air abrasion device combined with scaling and root planning and found that it
improved clinical periodontal parameters more than scaling and root planning alone as
it enhances clot adhesion to the surfaces of tooth by improving surface wettability.

The widespread application of HA in implants is due to its bioactive character-
istics, which aid in the production of new bone, improve tissue integration, and
speed up the healing process. As a result, it’s being used to convert metallic implants’
smooth, harsh surfaces into a more biocompatible, porous environment similar to
hard tissues. Nano-HA is the most often employed coating material for titanium and
stainless-steel implants, offering benefits such as improved bone bonding and new
bone genesis, as well as improved bone-to-implant contact [103]. Another benefit of
employing nano-HA as a coating for dental implants is its capacity to prevent bacterial
growth, including both Gram-positive and -negative bacteria. Furthermore, implants
coated with a small layer of nano-HA had a lower inflammatory response, as HA is
a modulator for monocytes and macrophages, which are responsible for the early
inflammatory response. Several investigations have demonstrated that, because of its
chemical and chrystallographic affinity for the inorganic components of bone, this
substance is capable of establishing chemical linkages and ensuring a faster integra-
tion of the implants with the bone and surrounding tissue [104]. As grafting materials
in relation to dental implants, alloplast materials containing nano-HA are employed.
They promote bone repair by enhancing angiogenesis and consequently having a high
porosity. Because of the quicker bone growth, an earlier implant placement is permit-
ted, with these materials having a 4-month healing period [105].

Nanohydroxyapatite in toothpaste, in particular, has been demonstrated in studies
to promote remineralization and the hardness of dental enamel and dentine. This is
owing to the nano-hydroxyapatite particles’ incredibly small size, which allows them
to easily enter and interact with sub-micrometer and nanometrescale acidic erosion
damage on tooth surfaces (white spots). Calcium and phosphate ions are liberated
from the nano-hydroxyapatite particles during the contact. The liberated ions enter
the enamel rods and crystallize into apatite [106]. As a result, re-mineralization and
restoration of the enamel surfaces occur. Despite the fact that nano particles can
penetrate dental porosities, they can form a protective layer on the tooth’s surface.
Nano-HA is even used in sports drinks to reduce the impact on teeth. Acidic drinks
increase tooth surface degradation.

Several studies have also demonstrated that using nano-hydroxyapatite in dental
products can reduce bacterial colonization of tooth surfaces and dentine hypersen-
sitivity. Studies have also indicated that calcium phosphate-based materials can be
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used to repair or remineralize missing, damaged, or eroded tooth enamel. HA-based
materials, in particular, are commonly employed to remedy surface issues like as dis-
colouration, voids, and chips. HA has been employed as filler for strengthening GICs
and restorative resin composites on both a micro- and nano-scale [107]. Nano-HA is
utilized to remineralize dentin and enamel that has been compromised by caries. The
hard tissue loses mineral ions due to acid assault from bacterial metabolism in early-
stage caries, while the collagen network is unharmed. The endeavor to remineralize
this organic scaffold is realized by the use of nanoparticles (nano-HA, bioactive
glass), which act as either direct replacements for final minerals or as a carrier for lost
ions during caries assault [108].

Bleaching methods generate reactive oxygen species, which penetrate the enamel
and reach the dentin, breaking organic molecules and processing lighter and clearer
substances. The most common bleaching chemical is hydrogen peroxide, which has
a concentration of 30-35% in a gel product. The gel is loaded with remineralizing
chemicals such as fluoride calcium and hydroxyapatite in nano form to reduce hyper-
sensitivity following bleaching, which can occur in up to 70% of bleached patients.
The bleaching agent can permeate the enamel through microscopic surface flaws and
beneath pores, causing sensitivity. Nano-HA paste can correct these minor enamel
flaws, preventing the sensory reaction [109].

Nanomaterials can have a harmful impact on human health if they are pres-
ent in the environment since their entry into the body is enabled by exposure and
subsequent absorption through the skin, digestive tract, and lungs. Ingestion of
nanoparticles in dental products during or after treatment; inhaling of aerosols
created from nanomaterial-based composites during drilling; and direct interaction
between nanomaterials and cellular tissues in the oral cavity can all result in exposure
and potential harm [110]. Nanomaterials may easily interact with cell constituents
such as DNA molecules, proteins, and intracellular components, which is important.
It’s challenging to foresee and comprehend these interaction mechanisms, elimination
pathways, and immunological responses. This ambiguity stems from the fact that
different nanomaterials of the same material behave differently in different biological
tissues. Coatings, for example, can alter the size range, surface charge, and surface
chemistry of nanomaterials in relation to cellular tissues [111].

Smart nanomaterials that aid in healing, stimulate cellular regeneration, and help
in osseointegration of bioactive dental implants are now being researched. These
new technologies, however, are not without their own set of problems. For example,
designing a low-cost, mass-produced nano-robotic system that can perform their
intended duties is a heavy task. There’s also a demand for smart nanomaterials,
protocols, and nano-devices that can give disease monitoring, diagnosis, prevention,
and treatment techniques that are tailored to particular individuals.

10. Future perspectives

New dental products are still in high demand, both scientifically and commercially.
There is currently no one solution that satisfies all of the required qualities and stan-
dards for preventative and restorative applications. The most successful technique of
delivering beneficial outcomes for patients, however, is regarded to be breakthroughs
in nanotechnology-based strategies for generating new products. Several active
research fields are now being studied. Colloidal liquids containing millions of active
nanometer scale robots might be delivered into the oral cavity to shut down certain
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nerves, for example, to lessen anxiety and provide greater patient comfort during
dental treatments [112].

The practitioner sends the nano-robots to specific tooth positions or soft tissues
once they have entered the oral canal. The nano-robots then travel into tissue struc-
tures, shutting off the sensitivity of specific nerves. The practitioner then instructs
the nano-robots to restore nerve sensitivity and leave the tissues following the dental
surgery. Orthodontic nano-robots could also be utilized to remodel periodontal
tissues and allow painless tooth straightening, rotation, and repositioning in minutes
to hours. Nano-robotic dentifrices, on the other hand, might be utilized to carry
and distribute toothpastes or mouthwashes that break down organic matter or oral
bacteria into harmless by-products. Nano-robots could also be utilized to administer
antibiotics and medications (nano-encapsulation). While nano-sensors/robots could
be used to detect and identify dangerous elements to aid in the diagnosis and treat-
ment of diseases, thereby improving patient well-being [113].

Furthermore, recent research has shown that high-strength nanoparticles can be
engineered into dental polymers to improve their strength and durability. For exam-
ple, dental polymer reinforced with graphene gold nanoparticles increased mechani-
cal characteristics, encouraged tissue formation when graphene oxide was implanted
to collagen scaffold, and improved physicochemical and surface properties when gra-
phene oxide was implanted to collagen scaffold. Carbon nanotubes and Boron Nitride
nanoplatelets have also sparked interest among scientists as a viable biomaterial for
dental applications. A recent study found that Boron Nitride nanoplatelets reinforce-
ment improved the strength and fracture toughness of zirconia composites. However,
conflicting investigations have demonstrated that carbon nanotubes have both
cytotoxic and non-cytotoxic qualities, sparking a discussion about its possible appli-
cation as a bioceramic material. As a result, bio-kinetics and organ toxicity are crucial
in determining the quantitative risk of using these high-strength nanomaterials.

Furthermore, smart nanomaterials that aid in healing, stimulate cellular regenera-
tion, and osseointegration of bioactive dental implants are now being researched.
These new technologies, however, are not without their own set of problems. For
example, designing low-cost, mass-produced nano-robotic systems that can perform
their intended duties. There’s also a demand for smart nanomaterials, protocols, and
nano-devices that can give disease monitoring, diagnosis, prevention, and treatment
techniques that are tailored to particular individuals.

11. Conclusion

Hydroxyapatite is biocompatible material that provides cell adhesion & proliferation.
It is used as a carrier & a loading agent in the controlled release and delivery of drugs.
Also used as a coating materials on orthopedic implant, because of chemical resem-
blance to the mineral component of mammal bone and hard tissues. Advances related
to varieties of methods of synthesis of HAp, as well as knowledge and Applications of
Hydroxyapatite.

HAp is generally used to treat bone and periodontal defects, alveolar ridge, as den-
tal materials, middle ear implants, tissue engineering systems and bioactive coatings
on metallic osseous implants. Recent studies also suggest that HAp particles impede
the progression of cancer cells.

Due to its structural fragility, a great demand for the development of efficient,
simple and low-cost methods. HAp has limited applications when the bone defect to
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be repaired is in anatomical regions that are under constant tension. Thus, researchers
have been directing studies in obtaining materials having superior properties.

Asareplacement, HAp is used with other materials, increasing its applicability
and efficiency for treatment of tissues. This shows a promising methodology and high
potential for the development of scaffolds.

The development of optimal bone supports, coatings and release systems are a
challenge for the engineering of bone tissue. It is a requisite to study the development
and applicability in different anatomical sites to improve mechanical and biological
aspects of HAp-based implants and to optimize their safety and efficiency. However,
the prospects of novel biomaterials such as HAp in biomedical fields definitely
depend upon the advancement of our knowledge, not only of the material, but also its
interactions with specific bio-molecules, cells, and tissues.
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