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Abstract: Over the past few decades, biomaterials have
been used extensively in medical science. These bio-
materials have effectively replaced a variety of bodily tissues
found in the human body, including teeth, ligaments, bones,
tendons, and others. The primary barrier to the adoption of
biomaterials is immune rejection, as bone replacement and
lifetime implants currently require biocompatibility in
addition to the mechanical and biological properties of the
biomaterial. Numerous materials are presently being
researched and commercially accessible to preserve and
restore physiological functioning; they are widely used in
medical science and biotherapy. Novel biomaterials were
developed in response to emerging therapeutic needs, and
recently discovered biomaterials made it possible to un-
dertake novel clinical applications. When it was recognized
that biomaterials must have an essential quality biocom-
patibility, the term “biomaterials” was coined to refer to
materials specifically designed for biomedical applications.
Presently, biological tissues and materials generated from
biology are also included. The current review looks at the
scientific literature published on the subject while exploring
the application of biomaterials. Lastly, a brief overview
of some recent uses for biomaterials is given, along with
predictions about their potential future use.
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Highlights

— The basic requirement of implantable biomaterials such
as mechanical strength, biocompatibility, and corrosion
characteristics are deeply explained.

—  Surface modifications such as coatings and laser treat-
ments are suggested to improve the chemical bonding
abhility with natural bone and anti-corrosion property.

— Different types of coatings used by several researchers
are compared, the advantages and disadvantages of
each coating methods are briefly explained.

— The interfacial interactions between the bioimplant-
tissues with respect to the applications in both hard and
soft tissue are explained.

1 Introduction

Biomaterials that interact with biological systems are used
in the engineering of functional extra-organ tissues, the
prevention, diagnosis, and treatment of disease, the safe and
efficient delivery of drugs, and the encouragement of the
body’s natural healing process. With an emphasis on fea-
tures that allowed for function restoration and acute pa-
thology mitigation, the field has developed beyond choosing
materials that were initially intended for different uses. For
instance, biomaterials are used in the development of stents
to open blocked blood vessels or in the creation of artificial
skin for burn victims. In order to integrate with biological
complexity and carry out specific, high-level functions in
the body, biomaterials are now logically constructed with
regulated structure and dynamic functionality. Biomaterials
is a scientific field that integrates biology, physics, chemistry,
medicine, and, more recently, materials science and tissue
engineering. The field of research has expanded dramati-
cally over the last ten years as a result of advancements in
regenerative medicine, tissue engineering, medical contrast
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imaging agents, gene therapy, controlled drug delivery sys-
tems, artificial organs, immobilized enzyme bioreactors,
biosensors, and materials for minimally invasive surgery.**

Biomaterials can be made from metals, ceramics,
glass, plastic, and biological tissue and cells. For usage in
biomedical devices and goods, they can be reengineered
into coatings, fibers, films, foams, textiles, and molded or
machined fragments. Contact lenses, hip joint replacements,
dental implants, and heart valves are a few examples. They
are frequently biodegradable, and some are bio-absorbable,
which means that after serving a purpose, they are pro-
gressively removed from the body. Applications for bio-
materials can be found in immunology, histology, neurology,
cardiovascular surgery, dentistry, orthopaedics, ophthal-
mology, and veterinary medicine. The essential features of
biomaterials are corrosion and wear resistance, which
should provide fracture strength, low elastic modulus, high
strength, excellent biocompatibility, adhesion, bio func-
tionality and non-toxicity. A necessity of biomaterial is
biocompatibility: It is the ability of the materials to perform
effectively with appropriate host response in a specific sit-
uation for suitable applications.®*

According to a few authors, biomaterials are defined as:
Buchaman® defined “Biomaterials as a non-viable material
used in medical devices intended to interact with the bio-
logical system”. They can be distinguished from other ma-
terials, which possess a combination of properties including
chemical, mechanical, physical and biological properties.
Sharma et al.,, defined “Biomaterials as any systemically,
pharmacologically inert substances or combination of sub-
stances utilized for implantation within or incorporation
with a living system to supplement”.® To achieve that pur-
pose, biomaterial must be in contact with living tissues,
resulting in an interface between living and nonliving sub-
stances. According to Hench and Ethridge, “Biomaterial is a
bioactive material that elicits a specific biological response
at the interface of the materials, which results in the for-
mation between the tissue and the materials”.”

Biomaterials are used to mimic the tissues by a combi-
nation of physical and chemical properties with minimum
foreign body host response. In the field of biomaterials, a new
technique known as “biomimetic biomaterials” has emerged,
integrating system analysis for the treatment of patients with
disabilities and in surgery to assist the elderly and promote
their rehabilitation. Furthermore, the goal of replacing
injured or sick human body parts has been sought after for
generations. Gaspare and Zimbler, and other early plastic
surgeons were able to repair lost noses with autogenous skin
flaps in the sixteenth century. Since there was no knowledge
of sterilization, immunological reaction, inflammation, and
biodegradation at the time, all of these initial surgical
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procedures had been carried out without any awareness of
the issues and constraints pertaining to material science and
biological phenomena. Their “unconscious” success, however,
amply illustrates how remarkable the human body is in
adapting to and incorporating foreign substances. This made
it possible to proceed with the development of biomaterials
before considering the basic interactions between the body
and the materials that were implanted; the systematic
investigation of these interactions only started around
150 years ago, when researchers and medical professionals
began to assess the body’s response to exogenous materials.®

The most recent applications of different biomaterials
(natural and synthetic) as well as the usage of different
bioactive mineral fillers for tissue engineering and biomedi-
cine will be discussed in this article. The materials, mechan-
ical properties, and structure of natural bone are then
covered, along with bone tissue engineering. The current
knowledge of biomaterials, including their types, character-
istics, and uses, that are employed in the development of
scaffolds for more biological applications is the special
emphasis of this paper. By emphasizing the potential of bio-
materials and their prospects for use in biomedical applica-
tions in the future, the review also offers insight into the most
recent strategies and applications in the field of biomedical
applications.

2 Progress of biomaterials

Biomaterials have been developed based on their intended
usage for biomedical purposes over the last 60 years and
have evolved through three different generations as the first,
second and third generations of biomaterials. These general
classifications are given in Table 1, along with the important
properties with applications of biomaterial.

2.1 First generation biomaterials

The first-generation hiomaterials were developed for wound
curing, as well as orthopaedic, dental, and cardiovascular
treatment applications during the 1950s and 1960s. Generally,
in this generation, naturally available materials such as
polymers, proteins and polysaccharide-based materials are
considered for implantation into the human body due to their
functionality, biocompatibility and practicability. When first-
generation materials are inserted into the human body, they
should exhibit adequate physio-mechanical properties to
enhance the growth or substitute the body tissues. The prac-
ticability is the amenability of the biomaterial to the machine
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Table 1: Progress of biomaterials and its applications.
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S.  Periods Category of biomaterials Applications Examples References
No.
1 1950-1969 First generation (Bioinert) - Fracture fixation - Metallic alloys (376L SS, Ti alloys, Co-Cr 910
- Bone and joint replacement alloys)
- Dentals implants - Ceramic materials (A/,03, ZrO, and
- Surgical instruments porous materials, etc.,)
- Polymers (Silicone rubber, poly-
urethanes, polypropylene and polymethyl
methacrylate)
2 1970-2000 Second generation (Bioactive and - Coatings of tissues in growth - Ceramics (Calcium phosphates, glass 12
biodegradable) - Dental implants ceramics and bioactive glasses)
- Temporary bone space fillers - Metals (Bioactive coated and chemically
- Percutaneous access devices modified surfaces of metallic alloys)
- Artificial tendon and ligaments - Biodegradable polymers (Polylactide-
- Biodegradable polymers and hydro gel PLA, Polydioxanone-PDS, Poly(3-
caprolactone)-PCL, Polyhydroxybutyrate-
PHB)
3 2000-til  Third generation (Materials MEMS and NEMS devices - Three dimensional Scaffolds (Bioactive 13,14
date designed to stimulate specific for - Blood pressure sensors ceramics and biodegradable polymers)

cellular responses at the molecu-
lar level)

- DNA array systems

- Tissue engineering

- Tissue repair and regeneration

- Cell encapsulation

- Bioartificial skin and liver construction
Nanostructured biological system

- Nanoparticles-based scaffolds encap-

- Hydrogels
- Nanofibers

sulation on pharmaceutical

or the ability to form different shapes for ready usage at a low
cost.>1

To treat skeletal defects, synthetic metallic material is
used for fracture fixation and to replace tissue that has lost
its activity due to damage or disease.”” According to Rodri-
guez et al., a 2000 BC skull was discovered in Peru that had a
bone defect repaired with a thin gold plate. Abundant classes
of biomaterials (metallic and polymeric materials) have
been approved since the twentieth century.’® In an in vivo
investigation using a feline model, Bothe, showed that tita-
nium was readily absorbed by the surrounding tissues while
showing development of bone in contact with titanium. It
should be emphasized that inventions extended beyond
advanced metal applications.”® The main goal of first-
generation materials was the creation of bioinert material
with mechanical properties, corrosion resistance, biocom-
patibility and non-toxicity.

2.2 Second-generation materials

The second generation of biomaterials was produced be-
tween 1970 and 2000 and retained the biocompatibility

property from the first generation. However, in this gen-
eration of biomaterials, the bioinert behaviour was
replaced by the development of bioactive, bioresorbable
and biodegradable materials. The paramount importance
of second-generation biomaterials is that they can act as
bioactive by combining biodegradable and bioresorbable
behaviour. Bioactive materials are widely used in clinical
applications and are in enormous demand. When placed in
the human body, these bioactive materials can form a sta-
ble chemical bond with natural bone and no response for
the inert materials. Hence, these second-generation bioac-
tive materials are mostly used in dentistry and orthopaedic
fields.”®

Second-generation materials are developed for a novel
biomaterial with specific tissue response. e.g., Hydroxyapatite
is a bioactive ceramic with similar bone mineral composition.
Duchene 1994 stated bioactive ceramics hydroxyapatite pro-
motes bone ingrowth with excellent biocompatibility. Hy-
droxyapatite is coated on the maxillofacial orthopaedic and
dental implant for bone cell attachment and proliferation.”
According to Hassan, bioresorbable polymer is the second
class of second-generation material used in drug-elating
stents to maintain the patency of coronary arteries.?
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2.3 Third-generation biomaterials

The biomaterials developed from 2000 are the third gener-
ation, which have excellent properties. Third-generation
biomaterials are used in clinical applications to heal severe
problems and enhance the quality of human health. In this
generation, biomaterials possess the characteristics of the
second generation, such as bioactivity, biosorption, and
biodegradability. Micro and nanofabrication technicues are
embraced to develop the third generation of biomaterials for
usage in the advanced tissue engineering field. The primary
motivation for producing the third generation is to recreate
the human tissue rather than repair or replace the diseased
part of the human body.”**

Third-generation material is developed to promote cell-
specific activities. Williams, 1999 defined third-generation
material as a suitable host response for a specified appli-
cation.” Material with suitable microstructure is developed
for medical applications by novel processing and bhiological
interaction, such as antigen-antibody and protein signal
transductions.”®*” Tissue engineering is the use of knowl-
edge and skills from a variety of disciplines to create and
produce therapeutic products that repair, restore, or
regenerate damaged cells or tissues caused by disease or
injury by combining matrix scaffolds with viable human
cell systems or cell-responsive biomolecules derived from
such cells. It is beneficial to replicate the natural extracel-
lular matrix’s (ECM) nano topography in order to success-
fully regenerate injured tissues or organs. For tissue
engineering applications, synthetic and natural polymer
scaffolds based on electrospun nanofibers are being
investigated that resembles natural extracellular matrix.*®
Figure 1 Denotes evolution of biomaterials and its
examples.

e.g.:HAP-PLA, BG-
€.g2.:316L SS €.8.:HAP, Si0,, BG,  Collagen, HAP
Tianditsalloys PCL,PLGA, PLA  (oated Ti alloys.

Ceramics
&
Polymers

Nanocomposites

& coated
metals

Composite
& Coatings

Bio-inert Bioactive
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3 Types of biomaterials

Biomaterials are mainly classified into the two types such as
naturally derived and synthetic biomaterials.

3.1 Natural biomaterials

Natural biomaterials are highly recommended for surgical
treatments than synthetic biomaterials due to their higher
biocompatibility, bone remodeling and biodegradation
rate in biological systems.” Therefore, these natural bio-
materials are used to repair or replace damaged parts of
human tissues and organs. Natural biomaterials are cate-
gorized into various types based on their occurrence, such
as protein, polysaccharide, and decellularized tissue-
based natural biomaterials. Natural biomaterials pro-
mote cell attachment, migration, proliferation, and dif-
ferentiation when placed in bone-defective areas. They
also promote faster bone regeneration, which leads to the
formation of an extracellular matrix for bone develop-
ment.**~** The varieties of natural biomaterials are shown
in Figure 2.

3.2 Synthetic biomaterials

Synthetic biomaterials are classified into different types
such as polymer, ceramics, composites and metals and its
alloys based on their uses in orthopaedic and dental field.
The synthetic biomaterials are commercialized and widely
applied in clinical applications. Classification of synthetic
biomaterials are given in Figure 3.

€.8.:-HAP-Collagen
E-spun nanofibers,3D
printing

Tissue —
Engineer
Scaffolds

Biomimetics

1st an 3r(l
Generation Generation Generation

4'h Generation :

4 | | ¥

1950

P Figure 1: Evolution of biomaterials and
2030 examples.
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Natural Biomaterials
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Protein-Natural Polysaccharide- Decellularized tissue-
Biomaterials Natural Biomaterials Natural Biomaterials
Examples Examples Examples
> Collagen » Cellulose » Decellularized Heart
> Gelatin »  Chitin/Chitosan valves
> Silk » Glucose > Bloodvessels
> Fibrin » _Liver _ o , ,
Figure 2: Classification of natural biomaterials.
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carbonates.
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alloys
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* Polyethylene
* PLA
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alloys
Magnesium and
its alloys

' Classifications of
Biomaterials

Figure 3: Classification of biomaterials.

3.2.1 Bioceramics

A broad category of specifically engineered crystalline,
semicrystalline, or amorphous materials known as “bio-
ceramics” are utilized in the restoration and replacement of
diseased or damaged body components.* The long and noble
history of employing ceramics in medicine began in the 10th
century AD when it was found that calcium sulfate could
heal the broken bones of cadavers and mummies.* In 1892,
surviving patients with tuberculous osteomyelitis had the
first implant of calcium sulfate, commonly referred to as
“plaster of Paris,” as a bone void filler (Dreesmann, 1892,
cited in 35). More recently, in 1959, Peltier brought it back in
the form of high-purity pellets as a replacement for bone.*
Bioceramics are polycrystalline in nature with adequate
properties like chemical stability, high elastic modulus, high
strength, hardness, brittleness, wear resistance and low
density.

It is useful to note that, after blood, bone is currently the
tissue that needs repair the most.*® Bone reconstruction can

now be carried out with artificial implants or transplanted
tissues. Numerous ceramic compositions, including hy-
droxyapatite (HA), bioactive glasses, and inert ceramics like
alumina and zirconia, have been tested as bone grafting
materials throughout the years.*” Currently, the major ap-
plications for bone repair are mouldable pastes (e.g., inject-
able cements for spine surgery), porous granules and stiff
scaffolds for filling bone gaps, and monolithic devices (e.g.,
employed in the rebuilding of tiny bones in the middle ear).
The capacity to establish a stable connection with host
tissue is crucial in the selection of ceramics for bone substi-
tution; in this context, bioactive and bioresorbable ceramics
offer a significant answer.***® Moreover, bioresorbable ce-
ramics have the added benefit of progressively disintegrating
over time as natural bone replaces them; after they have
served their purpose of serving as templates for new tissue,
they vanish.*® The subsequent segments concentrate on the
primary categories of ceramic materials that are presently
obtainable for therapeutic purposes; they also offer a brief
outlook for enhancements and forthcoming investigations.
There are three classes of bioceramics
(1) Bioinert ceramics (e.g., alumina, zirconia, titania)
(2) Bioresorbable ceramics (e.g., calcium phosphate (HAP,
TCP))
(3) Bioactive ceramics (e.g., bioglass and glass ceramics)

3.2.1.1 Bioinert ceramics

When ceramic materials are placed in a human body as an
implant, the interactions between the implant and the hu-
man tissue are minimal as well, and the interaction between
the implant and the host tissue is chemically inactive. As a
result, the ceramic material acts as an inert material in the
human environment. Examples of bio-inert materials are
Al,0s, Zr0,, TiO,, metallic alloys and polythene. However,
bioinert ceramics are commonly used as fixation screws and
wires in orthopaedic applications.*
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3.2.1.2 Bioresorbable ceramics

Bioresorbable ceramics are recommended for use in the
drug delivery system and medical industry. Bioresorbable
ceramics start slowly to dissolve in the human system.
Hence, bioresorbable materials’ degradation or dissolution
rate is necessary for the formation or regeneration rate of
the general tissues in the body. Examples of bioresorbable
ceramics are low-temperature heated hydroxyapatite and
tricalcium phosphate.**

3.2.1.3 Bioactive ceramics

The bioceramics materials, which initiate the proper inter-
action with the biological system, are called bioactive
ceramics. The bioactive ceramic materials help in the for-
mation of specific chemical bonds between the host tissues
with the active interface of the material. Bioactive ceramics
mainly have time-dependent activation surfaces with the
exchange of ions between the ceramics and physiological
fluids, which leads to the construction of bioactive layers on
their surfaces. The rate of apatite layer formation on
bioactive ceramics can enhance the cell interaction that
promotes bone remodeling for a faster bone healing process.
Examples of bioactive ceramics are hydroxyapatite, glass
ceramics and bioactive glasses.

Ceramics are used in various fields like dentistry (e.g.,
crowns, bridges, denture teeth, dental root implants), or-
thopaedic, and medical sensors. It is used as an alternate
natural tissue to fill the gap, reconstitute the function of the
surrounding tissues, physical interaction with body fluids,
stimulate osteogenesis, stress-bearing skeletal recovery,
etc; an important characteristic feature of ceramics is
surface reactivity. It has the ability to bond with bones and
enhance tissue formation.”® Inert bioceramics elicit mini-
mal tissue response and lead to a thin layer of fibrous
immediately adjacent to the surface. Surface-active ce-
ramics are partially soluble, resulting in ion exchange and
potentially leading to direct chemical bonds with the bone.
Resorbable bio-ceramics have greater solubility than
surface-active ceramics.**

3.2.2 Alumina (Al,03)

Over the past decades, alumina ceramics have been found to
be bioinert, have high hardness with increased abrasion,
and have chemical inertness that found applications in load
bearing, hip prosthesis, and the dental field. It has excellent
wear and corrosion resistance.*® Noiri et al,, studied the
histopathology of alumina with highly biocompatible mate-
rial in socket implantation.46 As a result, there was no
damage or rejection of ceramics even after four weeks
of implantations, with enhanced tissue growth with the
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proliferation of fibroblast cells and vascular invasion
observed. Moreover, knee joints made up of alumina ce-
ramics were found to induce weak tissue reactions when it is
inserted into a Japanese white rabbit. An in vivo biocom-
patibility study of an alumina-coated implant caused an
alteration in the platelets and was found to interact with
the blood. Yuhta et al., studied the blood compatibility of
alumina ceramics coated on the titanium implant by sputter
deposition. The carcinogenic reaction was observed in the
long-term application of alumina ceramics and proved non-
toxic to the bone marrow upon implantation.*’

3.2.3 Zirconia (Zr0,)

Zirconia is widely used in prosthetic devices due to its
excellent chemical properties, dimension stability, high
mechanical strength, toughness and high Young’s modulus
(210 GPa).*® High mechanical strength and fracture tough-
ness of zirconia have been found to have various applica-
tions in the biomedical field. It has the ability to undergo
transformation toughening mechanism that is advantageous
over the ceramics. It is mainly used in total hip replacement.
Recently, zirconia ceramics were used in head balls for to-
tal hip replacements. The addition of stabilizing oxides like
CaO, MgO, Ce0O, and Y,03 to zirconia ceramics results in
multiphase ceramics material known as “partially stabilized
zirconia”. It was found to have improved mechanical prop-
erties over other ceramics.

Lilley, studied the degradation strength of zirconia in
wet environments and its corrosion resistance behaviour.
He reported that the zirconia-coated material implanted in
the paraspinal muscles of rabbits has shown excellent
corrosion resistance behaviour in both wet and hot envi-
ronments.”® Biocompatibility of partially stabilized zirconia
was observed in osteoblastic cell cultivation. By means of
histomorphometries, the osteointegration of zirconia was
examined in rats. The data confirmed the biocompatibility of
zirconia with high bone mineral density over the ortho-
paedic implants. Since 1980, zirconia has been found to
consist of highly radioactive elements that could cause
adverse effects in tissue and organs. A study by Piconi and
Maccauro and Chevalier et al., have proved that zirconia is
biologically the safest ceramics, and its in-vivo cytotoxicity
and cytocompatibility tests have proved that zirconia is
highly biocompatible with fibroblast, osteoblast, cells, hu-
man lymphocytes, human cytoplast, macrophages, etc.”"

3.2.4 Titania (TiOy)

Titanium oxide and titanium alloys are the most commonly
used biomaterials, and they are superior to other materials.
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It has excellent mechanical properties and biocompatibility
and is non-toxic with multi-faced bioceramics. TiO,
(Anatase), TiO, (Rutite), and Ti,O3; (Brookite) are the three
types of oxides that exist at different sintering temperatures.
The most commonly formed stable oxide is Anatase form. It
has an elastic modulus of 110 GPa and is used to help in
uniform stress distribution,®® which is suitable for load-
bearing applications. Various coating deposition techniques
are used to deposit TiO, coatings. Verket et al., have depos-
ited three different coatings, TiO,, SiO,, and calcium phos-
phates, and compared the release of protein using normal
human osteoblast cell lines.>* From the observation, they
found that TiO, coatings support osteoblast growth and bone
remodeling more than the other coatings. Vijayalakshmi
et al, electrophoretically deposited titania and its coatings
on Ti-6Al-4V and evaluated the corrosion resistance
behavior in the ringer’s solution. They found that all the
coatings exhibited good corrosion resistance and antibac-
terial activity with better surface uniformity on the
implant.®

3.2.5 Calcium phosphate

Bone is a ceramic that consists of 20 % collagen, 69 % calcium
phosphate, 9 % water. The inorganic phase of bone is made
of calcium phosphate. Since 1920, these materials have been
used as a powder for filling new bone tissue formations.
Saenz et al, 1999, reported that Ca/P ratio, porosity and
crystalline structure are important factors for the success of
calcium phosphate coatings.*® They evaluated its biocom-
patibility and non-toxicity nature by in-vivo studies.
Hydroxyapatite-based materials are most widely used in
biomedical devices due to their osteoconductivity, crystal-
lographic structure and chemical composition, which is
similar to that of bone tissues. Calcium phosphate was found
to interact with living cells and form excellent chemical
bonding with bone. The use of different precursor materials
will lead to different phase structures along with different
morphology®”*® and calcium fluorapatite is extensively used
in dental applications.>

For over twenty years, calcium phosphate ceramics
were used to replace periodontal defects, augmentation of
alveolar bone, sinus lifts, tooth replacements, and repair of
large bone defects. Hydroxyapatite (HAP) and tricalcium
phosphate are the most widely used calcium phosphates.
Bio-resorption and bioactivity are the important properties
of calcium phosphates. The biocompatibility of calcium
phosphate was studied by Ruan and Grant, and according to
him, HAP and TCP stimulate cell proliferation.’” Yuan et al.,
evaluated the osteointegration property of calcium phos-
phate ceramics with different doping materials on HAP.®!

P. Baskaran et al.: A systematic review on biomaterials and its applications = 753

3.2.6 Hydroxyapatite

Hydroxyapatite is the most suitable material for doping

different functional groups as it has a similar calcium-to-

phosphate ratio with human bone minerals. Hydroxyapatite

Ca,o(PO,4)s(OH), with Ca/p ratio of 1.67 with composition

39.68 wt% Ca, 18.45 wt% p wt. ratio-2.15 % hexagonal struc-

ture used as a model for inorganic components of bone and

teeth. The lattice parameters are a = b = 9.432 A, ¢ = 6.881 4,

and z = 1. HAP is more stable, non-decomposable, and

bioactive among calcium phosphates due to its resorbable

behaviour. It is used as coatings on implants to repair and

reconstruct diseased or damaged tissue.®* Figure 4 repre-

sents Crystal Structure of Hydroxyapatite (Ca;o(PO4)s(OH),).
It can be synthesized in two ways:

— Solid-state reaction (an alternative to sol-gel), flux
method, electro crystallization, spray pyrolysis, freeze-
drying, etc.

- Wet chemical method or co-precipitation methods.

HAP is widely used in the medical field as implants, coatings,
and prostheses. It has excellent osteoconductivity, non-
toxicity and non-inflammatory in nature. Its functions are to
promote osteoblast adhesion, migration, differentiation, and
proliferation, which are used in bone regeneration appli-
cations. It also has the ability to bond directly to bone. HAP
nanoparticles were found to induce cell apoptosis, and their
bioactivity properties made HAP ceramics a favorable ma-
terial for implant applications.”*® The crystalline form of
HAP exhibits bio-integration, and there is no formation of
fibrous tissue. HAP can be synthesized in the form of dense
ceramics, powder, ceramic coating or porous ceramics.
Sadat Shojdi et al. reported different synthesis methods, such
as the dry method, wet method and high-temperature pro-
cesses.’® They have synthesized different morphology and
crystallography with various mechanical properties. Along
with the pure HAP, carbonated and fluorapatite materials
with similar apatite structures with low solubility can be
used for biomedical purposes.®’~%° HAP can also be prepared

Figure 4: Crystal structure of hydroxyapatite (Ca;o(PO4)e(OH)y).
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Table 2: Advantages and disadvantages of biomaterials.
Biomaterials Advantages Disadvantages References

(1) Natural materials: Collagen, human
tissues, hyaluronic acid, grafts

(2) Metals: 316L SS, titanium and its al-
loys, Co-Cr, Co-Cr-Mo, silver

(3) Ceramics: Alumina, titanium oxides,
zirconia, bioglass

(4) Composites: Alumina-HA, alumina-
zirconia-HA, HAssilica

shock

Availability in the human body, biocompatibility
Ductility, high mechanical resistances to wear and
High biocompatibility, corrosion resistance, bioinert,

low thermal and electrical conductivity
High biocompatibility, bioactivity and bio inertness

Host rejection 7

Low biocompatibility, corrosion mechanical 7374
properties

Low impact resistance, processing diffi-
culties, fabrication and properties

Low stability and mechanical strength

75,76

77-79

using waste materials such as eggshell and snail-shell, and
they exhibit excellent biocompatibility with different oste-
oblast and fibroblast cell lines.”>”* The advantages and dis-
advantages of biomaterials are presented in Table 2.

3.2.7 Tricalcium phosphate

Tri-calcium phosphate exhibits different polymorphic forms
(a, B, y and super-a) and a and B TCP are the most preferred
materials for biomedical devices. Tri-calcium phosphate
has been used as a long-term material for bone replacement.
Tri-calcium phosphate acts as an osteoconductive material
and promotes bone growth on the surface of the implants.
Applications were found in dental implants (capping agents,
cleft palate), vertical bone defects and implant coatings. It
has poor mechanical strength and low crack resistance.
Levin et al., first reported the use of TCP as dental ceramics,
in the periodontal defects of dogs.** TCP can be used as bone
graft material, and a- can be stabilized by doping with
dopants such as Si, Zn and Mg, which promotes excellent
bioactivity, Clarke et al., reported.®!

B-TCP has chemical formula Ca3(PO,),, Ca/P ratio of 1.5
with hexagonal crystal structure at 1,200 °C temperature.
The conversion of B-TCP into a-TCP happened at the range of
700-1200 °C. In 1978, Nery et al., reported the first preclinical
application of BCP in dog using a calcium phosphate they
referred to as “tricalcium phosphate.” However, X-ray
diffraction analysis revealed the mixture to be HA and B-TCP,
and as the consequence, the mixture is known as a biphasic
calcium phosphate, or BCP. This results in higher resorb-
ability and biphasic ceramics with superior stability that can
be employed for biomedical purposes.®*

3.2.8 Bioactive glass
First, Hench, 1998 developed bioactive glass, and he syn-

thesized different glasses containing a mixture of silica,
phosphate, calcium and soda. These materials are used as

bulk implants on metallic implants and used as scaffolds.**
The degree of biological activity and physiological properties
depend on the chemical composition of bioglass®*. Kokubu
et al,, used different glass compositions to study the forma-
tion of apatite in simulated body fluid. It was observed that
apatite ion activity is higher and disrupts the silicon
network, which acts as a place for apatite nucleation.
Therefore, in SBF solution, the growth of apatite is based on
the utilization of calcium and phosphate ions. The chemical
and physical properties of glass ceramics interact with
physiological solutions and impart biological activity on SBF
immersion in the biological environment.®®

Ceramics are susceptible to surface changes in the hu-
man body fluid environment due to their resorbable nature.
The reactions at surfaces and grain boundaries result in ion
exchange, depending on PH and exhibit different bioac-
tivity.®® In a physiological environment, bioglass may leach
out various metal ions such as Na*, K*, Ca** P** Si** through
ion exchange reaction and these ions are replaced with H,O™
ions, which produce a SiOH ions on the surface of silica-gel
layer. Silica-based ceramics are considered as bioactive
material in biomedical applications. Bioactivity is the ability
of the material with definite chemical compositions and
structure in a biological fluid, leading to the nucleation
process. Further research was conducted with mesoporous
materials for biomedical applications such as drug delivery
systems, bone tissue regenerations and corrosion resistivity
over metallic implants.®”®® Peltola et al., suggested that
bioglass prepared by the sol-gel process has increased
bioactivity. In an aqueous solution, bioactive glasses react
with it and lead to changes in the structure and chemical
composition with the formation of HCAP.*

The formation of bioglass with Si0,-CaO-P,05 was
demonstrated by Rounan and Hench, using the sol-gel
method, and it was observed that glasses made from sol-gel
techniques require low sintering temperatures. SiO,, CaO
and P,05 are bioglass that are widely used as bone substi-
tution materials.”® Silicate ceramics are the most commonly
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used materials with abundant raw materials, and they pro-
vide adequate mechanical, thermal and optical properties.
They developed bioglass with increased use of nanocrystal-
line silicate in biomedical applications. Based on the
composition of bioglass, 4555 (45 wt% SiO,, 24.5wt% CaO,
24.5wt% Na,O and 6 wt% P,05) have been used in various
dental and medical applications such as ear bones, surgery,
denture weakness, maintenance of jaw bone, bone restora-
tion. Apart from silica glass materials, calcium pyrophos-
phate materials have been widely used as coating materials
on implants. A study was conducted on 316L SS to predict the
corrosion resistance behavior in ringer’s solution.’’ Lit-
kowski et al., conducted an in-vitro study and used 45S5
bioglass on the dental surface of teeth and demonstrated
that 45S5 bioglass has increased occlusion of dentinal tu-
bules than non-45S5 compounds, whereas a decrease in
dentine hypersensitivity in vivo studies.”

Even though ceramics are bioactive and have biocom-
patibility, the major disadvantage of ceramics is their brit-
tleness and poor tensile properties. Ceramics and glass
materials fail in high-stress and load-bearing applications.
To overcome the disadvantages of ceramics, composite ma-
terials with excellent load-bearing properties can be used in
bone replacement applications.”

3.2.9 Cerium

The most abundant rare earth metal oxide of the lanthanide
series that contains two oxidation states such as 3°/4". It has
an entrenched role in biomedical and industrial applica-
tions. Cerium in biomedical applications is expanding from
protection against cellular damages caused by toxicants,
pathological damages such as brain, cardiac ischemia,
neurological disorders, neuro-regeneration of retina, re-
duces chronic infection, toxicity towards cancer cells and
radiation. Due to its unique properties (shifting of oxidation
states), it found applications in UV-absorber, catalyst, O,
permeation membranes, and polishing agents. It is used as
an electrode in gas sensors and solid oxide fuel cells owing to
its excellent ion conduction.’**>

Cerium has excellent anti-bacterial activity due to its
ROS (reactive oxygen species) that cleaves the cell wall and
damages the cells, ultimately leading to cellular death. Many
types of research were carried out to test the antibacterial
activity of cerium against pseudomonas aeruginosa. Nano
ceria plays a significant role in self-regenerating anti-
oxidant properties by interaction with superoxide radicals,
hydroxyl radicals and hydrogen peroxide. Through oxida-
tive stress, it restricts cell death. Several reviews have shown
the anti-oxidant capacity of cerium in relation to untreatable
oxidative stress-related diseases.”®’
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Cerium nanoparticles provide biological activity
through Ce*** redox coupling on the surface of the nano-
particles. They mimic the superoxide dismutase activity
(Ce* oxidize into Ce** ions) by reducing superoxide into
hydrogen peroxide. The catalytic activity of cerium induces
hydrogen peroxide oxidation to molecular oxygen that oxi-
dizes Ce®* to Ce®". Nanoparticle interaction with cells was
crucial in tissue engineering and regenerative applications.
Due to the existence of Ce*’** oxidation states, cerium induces
cell proliferation and protects normal cells. Cerium-based
scaffolds promoted osteogenic differentiation and prolifera-
tion of bone marrow-derived mesenchyme cells.”® ' Li et al.,
manipulated the valance state of cerium oxide NPs on tita-
nium substrates to modulate the cell fate of bone formation."
The researchers elicited the beneficial outcome of cerium for
new bone formation and osteointegration. The biomedical
applications of cerium are displayed in Figure 5.

Cerium was used as coatings on metal implants to pre-
vent corrosion and to improve mechanical properties.
Cerium oxide plays a vital role as a corrosion inhibitor by
forming a thin protective layer of cerium hydroxide. Ce**
ions oxidize to Ce** ions, and with a mixed oxidation state, it
forms a self-healing, stable and insoluble layer on the sur-
face.l?? Lin et al, immersed AZs; substrates into a cerium
nitrate solution to achieve cerium conversion coating.'®®

3.2.10 Magnetic nanoparticles

‘Nanomedicine’ is an emerging field in nanotechnology
with increased applications due to its nanostructure in
medical areas such as analytical tools, Nanoimaging, nano-
materials, modern clinical therapeutics, drug delivery and
toxicological studies.'**

In recent years, iron oxide nanoparticles have various
resources in the biomedical field due to their significant role
in MRI, gene therapy, drug delivery, hyperthermia treat-
ment, coating on the metal implant to enhance the interac-
tion between the biological tissues, cell separation and
detection.’®°” The physicochemical and electrochemical
properties of magnetite nanoparticles have several multi-
functional applications that are used in multi-disciplinary
sources like nanotechnology, molecular biology, chemistry
and material sciences. Clinical trials with the IONps specify
them as image probes for locating and diagnosing cancer
through targeted drug delivery and MRI imaging.'% It also
found clinical applications in the case of musculoskeletal
abnormalities such as joints, bone ligaments, removal of
cancer cells, diagnosis and treatment.'® The biocompatible
natures of the nanoparticles were modified with ceramics or
polymers. One of the global problems was cancer therapy;
research should be carried out for conventional applications
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Figure 5: Biomedical applications of cerium.

of magnetic nanoparticles in cancer treatment, such as
chemotherapy, radiotherapy and hyperthermia, which kills
the cancer cells from the normal cells. Hyperthermia treat-
ment includes various methods: localized surface, deep
body, cavity tumor, and whole-body therapy.">™! Despite
multiple applications, MNP is used to control/prevent the
growth of microorganisms at lower concentrations. Various
biomedical applications of iron oxide nanoparticles are
given in Figure 6.

3.3 Composite materials

It is a type of material consisting of two or more funda-
mentally different compounds. Composites can be made us-
ing bioinert and bioactive ceramics, which have excellent
biocompatibility and mechanical strength. Alumina ceramics
composite was prepared using hydroxyapatite ceramic and
found to be well bioactive with high adhesion strength. The
animal experiment was conducted on HAP/Alumina com-
posite and found that they have excellent osteointegration
with bone." Konduk and Ahmet, investigated the biocom-
patible nature of alumina/zirconia. An animal experiment
was performed with this composite material on rats for a
period of 2 months. The results of the animal studies revealed
that the ceramic composites do not produce any adverse ef-
fects on tissues during implantation."®

Zeng et al., selected ZrO, as substrate and Na,0, SiO,, —
B,05-Ca0 glass as a medium for ZrO, and HAP bonding,

and they implanted on dogs legs. After three months of
implantation, the gradient bone implant formed a bond
with bone and increased bond strength between the
bioactive material implant and bone."* Further research
by Chellappa and Vijayalakshmi, demonstrated that the
Zr0, coating on Ti-6Al1-4V exhibits good corrosion resis-
tance in a simulated body fluid environment."® Rogojan,
have prepared composite materials using Alumina-
Zirconia-HAP using the sol-gel method. The single advan-
tage of each material, like high biocompatibility and
bioactivity with excellent chemical inertness and me-
chanical properties, was highlighted.™® In vitro studies of
these materials were tested in a medium containing human
osteoblastic cell, and in vivo studies were carried out by
implanting ceramic composites in the parietal bones of
Wistar rats. These results have shown excellent bioactive
properties and bone repair properties. Bellucci et al., ob-
tained high HAP-Silica glass with excellent bioactive and
biocompatible composite materials for bone tissue engi-
neering."'” An in vitro study was carried out in SBF solu-
tions, and in vivo tests were done using calvarias-derived
pre-osteoblastic cell line MC3T3, where the cell line mimics
the osteoblast progenitors. The result showed that HAP-
Silica enhances cell adhesion, proliferation, and differen-
tiation towards osteoblast phenotypes. Although compos-
ites have excellent biocompatibility and mechanical
strength, low fracture toughness is a disadvantage; hence,
they cannot be used in long-term applications like perma-
nent fracture fixation devices.
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3.4 Polymers

Polymeric-based biomaterials are broadly used as implants
in orthopaedic and tissue engineering applications. Many
polymers exist, such as polysiloxanes, polyethene, poly-
amides, polyurethane, etc. These polymers play a vital role
in tissue regeneration, such as polyvinyl siloxane, poly-
glycolic acid, polyglycolic-co-lactic acid, and polymethyl
methacrylate act as dental impression, degradable struc-
tures, bone screws and bone cement, respectively.89 Co-
polymers of ethylene-vinyl acetate membranes were used
for controlled drug delivery systems. The polymers are
used for kidney, liver, bladder, artificial heart, soft tissue
replacement, catheters, pacemakers, contact lenses, en-
capsulations, ear repairs, implantable pumps, artificial
blood vessels, artificial skin and sutures."®® The main
drawbacks of polymers are higher degradation rates and
low mechanical strength; these could be overcome by
developing composites with metals or ceramic materials
for advanced biomedical applications.'°
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Figure 6: Biomedical applications of magnetic
nanoparticles.

Biological materials including collagen, proteoglycans,
alginate, fibrin, chitosan, gelatine, and agarose were
employed in the production of scaffolds to get around these
limitations.””* "> Natural polymers are physiologically
active and can encourage superior cell adhesion and devel-
opment. Despite this, their inherent biological variability
makes them difficult to manufacture in homogeneous
batches with repeatable features and frequently results in
poor mechanical qualities, particularly in load-bearing
applications.

Hydrogels are commonly developed for tissue engi-
neering using both natural and synthetic polymers.'**%
Chains of hydrophilic polymers interconnected by covalent
or non-covalent bonds constitute hydrogels. Its physico-
chemical and mechanical qualities are akin to many soft
tissues because of their capacity to absorb enormous
quantities of water and their soft mechanical properties.
Hydrogels can be classified as conventional or smart
hydrogels depending on the method they respond to
external stimuli. The latter type can alter their structure or
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swelling behaviour in response to various stimuli, such as
temperature, pressure, light, ionic strength, electric or
magnetic field, and others. Since they can have their me-
chanical properties tailored, the chemical composition
of the hydrogel modified, and crosslinking facilitated,
they are suitable materials for scaffolds.’® Hydrogels pro-
vide immuno-isolation while simultaneously permitting
gaseous exchange and nutrient diffusion, which makes
them appropriate for cell seeding.'” Currently, the major-
ity of applications for hydrogels include wound dressing
and scaffolds for bone or soft tissue regeneration, particu-
larly in cartilage healing.

Biomaterials produced through conventional 3D print-
ing were typically positioned layer by layer in vitro before
being surgically implanted in vivo. However, Elvassore
et al’s recent study™° used photo-active polymers injected
into living animals to create in situ 3D constructions without
the need for surgery, achieving intravital 3D bioprinting.
Many coumarin derivatives were examined, and the raw
material for their 3D bioprinting was ultimately determined
to be 7-hydroxycoumarin-3-carboxylate-poly (ethylene gly-
col) conjugates. Xu et al., controlled the stiffness for bone
regeneration by filling a 3D-printed polycaprolactone scaf-
fold with laponite.”®" To enhance the mechanical capabil-
ities, Liu et al, created a composite scaffold by enclosing
nanohydroxyapatite within a collagen hydrogel."**

4 Basic requirement of implantable
biomaterials

For biomedical applications, biomaterials implanted in the
body take on a specific functional role that is dictated by the
surgical technique, the host’s features, the biomaterial’s
physical-chemical characteristics, and any metabolites.
Extensive preclinical research may not ensure the implanted
biomaterial’s intended use and effectiveness. The charac-
teristics of the implant, its function, or its performance
in vivo may be changed by the immediate inflammatory
response that invariably follows the surgery.”*** In order
to lessen the potential for tissue loss and inflammatory re-
actions that come with more extensive surgical exposures
and tissue dissections, so-called minimally invasive surgical
treatments have been investigated more recently. In fact,
persistent fibrosis and inflammation may encase the
biomaterial, isolating it and unintentionally changing its
intended use or performance. The latest advancements in
biomaterials specifically made for bone cell interaction
necessitate implants with bioactive surfaces that can pro-
mote bone integration and inhibit atypical fibrosis brought
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on by the foreign body reaction (FBR)."****® Figure 7 illus-
trates the properties of bone for biomedical applications.

4.1 Properties of metallic biomaterials

Applications for surgical implant devices have traditionally
included metallic biomaterials, such as those based on iron,
cobalt, and titanium. These alloys’ mechanical qualities —
modulus, strength, and ductility — have been utilized to
create long-lasting in vivo stabilizers for devices that replace
skeletal structures. Furthermore, in biological contexts, the
passive surface oxide layers have offered chemical inert-
ness.”® Recent efforts to create porous metallic environ-
ments for fixation and biologic ingrowth have raised
concerns about the relative strength and biodegradation
characteristics. The criticality of design is highlighted by the
fact that some biomaterial strengths have been diminished
to magnitudes less than 50 % of the nonporous alloys. In-
creases in surface area of three to ten times have highlighted
the extent of biocorrosion, the substances released into the
tissues, and the physiological effects of these products.'*’
Figure 8 shows the schematic representation of factors
affecting the biomaterials implants.

4.2 Mechanical strength of metallic
implants

The biomaterials can be decided by their properties to use
them in particular applications such as maxillofacial and
hard tissue repairs. The bioimplant response to high loads
or strains has been identified by fatigue strength; this
property of fatigue strength verifies the long-term stabil-
ity of implantation. When an implant undergoes cracks
owing to poor mechanical strength between the natural
bone and biomaterials, it is called biomechanical in-
compatibility. In major bone fractures, the bone is prob-
ably replaced by the biomaterial with an equivalent
modulus of the natural bone. The modulus of bone is from
4 to 30 GPa and varies for different bones depending on
the direction. However, few of the implants have a higher
modulus, which shifts the stress to the nearby bones
and makes that adjacent bone to resorption. This in-
compatibility behaviour of implants leads to bone cell
death, and this is referred to as the stress shielding effect.
For an implant in the application of total joint replace-
ment, higher yield strength is required with lower
modulus. Young’s modulus is considered an important
factor for total knee joint replacement.***'#*
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Figure 7: The properties of bone for biomedical applications.
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The strength and modulus of elasticity/stiffness of a bone
scaffold material are particularly significant for mechani-
cal properties.’*”'*® As hone scaffolds deteriorate over
time, they must have short-term mechanical stability and
be able to tolerate early biomechanical pressures such
body loads and wound contraction forces. In clinical prac-
tice, the bone may occasionally be stabilized using a short-
term external fixation. The material and manufacturing
Figure 8: Schematic representation of factors affecting the biomaterials process have an impact on the mechanical strength. For
implants. instance, Peters et al. created unique porous scaffolds from
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B-tricalcium phosphate (B-TCP) using two distinct methods:
inkjet 3D printing (IJP) and traditional shaping (milling)."*’
The 3D-printed scaffolds’ compressive strength was signif-
icantly lower than that of cortical bone (100-150 MPa),"°
but it was within the range of trabecular compressive
strength (1.5-38 MPa),”*! according to the authors. The bone
scaffold’s stiffness should be neither too high nor too low
for the tissue’s healing in order to offer mechanical stability
and stress-shielding, respectively. Human cancellous and
cortical bone tissues have elastic moduli between 10 and
1,570 MPa and 14.9 and 35.3 GPa, respectively."* For the
bone to naturally rebuild, it must be sufficiently stiff, near
the bone’s density, at the defect site.

Alterations in physical characteristics, such elastic
moduli, are proportional to the load-carrying section’s
relative areal fractions (AA). For the majority of the porous
systems that are now on the market, there are a few theo-
retical computations and measurements of these kinds of
characteristics. The size, shape, distribution, and connec-
tivity of the pores are among the physical characteristics of
porosity that are known to be important for both short- and
long-term biologic interactions. The pore size features span a
large range; the mean values (1) are typically between 100
and 250 pm, while the intercept (I) measurement values
range from 10 to 500 um.”*"* The majority of systems
exhibit surface-interconnected porosity, while connectivity
measures occasionally reveal solitary pores. Using the se-
lective laser melting (SLM) technology, a 3D printing
approach, numerous researchers have examined various
porous Ti-6A1-4V scaffolds and were able to generate low
elastic moduli that were comparable to those of the cancel-
lous or cortical bone.”>*® The majority of porous Ti-6A1-4V

MTT assay

Assess metabolic activity of
cells. (Mitochondria)

Figure 9: Various cell viability assays to study biocompatibility.
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structures have ultimate compressive strength values that
are somewhat lower than those of cortical bone, hence
achieving high compressive strength is a difficulty.

4.4 Biocompatibility

Biocompatibility testing measures the effects of materials
on body tissue and organs. Surface contamination affects
the biocompatibility of the materials, resulting in surface
modification of the material and toxicity. It should not
adversely affect the host environment (bone, soft tissue,
ionic composition of plasma and intracellular and extracel-
lular fluids). Material should be non-carcinogenic, non-py-
rogenic, non-toxic, non-allergic, blood-compatible, and non-
inflammatory. William defined the biocompatibility of the
biomaterials for total joint replacement, and it should
reduce corrosion rate, tissue response to the corrosion
products, and decreased wear resistance. Titanium and its
alloys have excellent biocompatibility. They are inert and
form an oxide layer on the surface that protects them from
corrosion products in a biological environment. Titanium
adsorbs proteins such as albumins, laminin, glycosamino-
glycan, collagenase, fibronectins and complement proteins
and fibrogenesis on the implant surface. It enhances cell
growth and differentiation. Once the material is implanted
into the body, neutrophils and macrophages bond to the
surface, leading to the formation of foreign cells and dif-
ferentiation of osteoblasts cells (bone cells).”*'®® Various
cell viabhility assays to study biocompatibility are shown in
Figure 9.
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4.5 Osteointegration

Osteointegration is a fundamental process of new bone
formation and bone healing in orthopaedic applications.
The important properties of osteointegration are surface
topography, roughness and toughness. If the implant sur-
face is non-capable to joint with adjacent tissue, it results in
fibrous tissue formations and prosthesis loosening. Hence,
the surface properties of the implants are necessary for
osteointegration.'®!

4.6 Surface wettability

Surface properties play a vital role in the persistence of
cell-cell interaction, protein adsorption, etc. Topography
chemical composition wettability is mentioned in terms of
contact angle that influences the biological response hy-
drophilic surface, which is an important surface property
of biomaterials in the determination of direct cellular
contact. When a liquid is placed on the implant or solid
surface, it forms a dewdrop (hydrophobic) or feast on
the complete surface (hydrophilic), which depends on the
surface properties such as interfacial free energy. The
contact angle (6) measurement for the liquid droplet is
illustrated in Figure 10.

Hydrophilic surfaces facilitate the proliferation of a ma-
terial in contact with blood cells’ adhesion: platelets activation
and inflow of proteins. Hydrophilicity has reduced interfacial
free energy with improved hemocompatibility. Hydrophilic
surface can be increased by surface treatment such as
chemical treatment (acid or alkali treatment) and radiation
grafting plasma discharge.

4.7 Corrosion resistance

For an implant, it should be highly corrosion resistant
because the metallic implant is placed in a corrosive envi-
ronment (human body fluid)."** Corrosion decreases the life
of implant devices, and a decrease in corrosion products

Contact angle (6)

9 Liquid droplets
J

Solid surface

Figure 10: Contact angle.
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may accumulate in tissues, leading to a decrease in the hu-
man life span.'®®

5 Implant corrosion

Corrosion is the major problem associated with metals and
their alloys.'®* It is a gradual degradation of the biomaterial
when it is placed in an electrolytic environment by electro-
chemical compounds like water, sodium, chlorine, proteins,
plasma, amino acids, and saliva. The human body consists of
aqueous environments such as Na*, K*, Ca**, and Mg** of
cation groups and anions like chloride, phosphate and bi-
carbonates, and it is important to understand the principle
of corrosion environment.'®®

Biological molecules influence the electrochemical
behaviour of biomaterial implants. Proteins are absorbed
onto the surface of the implants and can interface with
hydrogen and oxygen redox reactions. Bacteria and other
microbes induce corrosion by absorbing hydrogen present
in surrounding areas of implants. Changes in the pH of
the human body also influence corrosion. Typically, pH is
maintained at 7.0, and this value changes from 3 to 9 due to
disease, accidents, and infections.'®

The tolerance corrosion rate for biomaterial implants is
2.5 x 10~ mm/year. Metallic implants form a passive oxide
film on the surface, which inhibits corrosion environments
in which the materials undergo corrosion.®” Only noble
metals like gold, platinum, titanium or chromium have an
acceptable level of corrosion rate. The most common forms
of corrosion are pitting, crevice, galvanic, intergranular,
stress corrosion, cracking and fretting corrosion. The types
of corrosion and its prevention methods are mentioned in
Table 3.

5.1 Pitting corrosion

Pitting results from extensive damage and release of metal
ions and is a form of localized corrosion. The formation of
small cavities on the implant surface is referred to as pitting,
which is protected from the passive oxide film, which is
adherent. Generally, pitting is non-visible and causes stress
corrosion cracking (SCC) and fatigue cracks, which results
in the failure of the implant. Pitting occurs when there is
breakage of the passive oxide layer; incomplete coatings
occur when anodic ions flow is fixed on a smart area of
implants and scaling. This results in an increased corrosion
rate.

Fontana, studied the movement of hydrogen ions and
the mechanism of pitting corrosion.’®® Kamachi Mudali et al.,
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Table 3: Types of corrosion and its prevention methods.

Types of Preventions References

corrosions

Crevice corrosion 176

Crevice corrosion is improved in stag-
nant or slowly flowing solutions by
properly designing connections and
joints.

Appropriate metal and alloy de-
terminations, as well as a good cathode
to anode ratio. Insulating coatings for
dissimilar joints.

Elimination of the corrosive environ-
ment and cyclic stress.

Three elements work together to cause

Galvanic corrosion 7

Corrosion fatigue 178

Stress corrosion 70

cracking SCC: a material that is vulnerable,

exposure to a corrosive environment,

and tensile stresses that are higher

than a threshold.

Eliminating any one of these factors

prevents SCC.
Hydrogen Diminished cathodic protection and 180
embrittlement less vulnerable alloy finish.
Erosion corrosion  Using corrosion inhibitors or cathodic 181
cavitation protection, more resilient materials,

and streamlined pipework can reduce
turbulence and regulate fluid velocity.

revealed the importance of pitting corrosion resistance,
which is determined by the pit propagation rate (PPR).
Pitting most commonly occurs in the underside of the screw
head of the implant. Most frequently, it occurs in a media
containing chloride ions. Pitting corrosion can be decreased
by the addition of molybdenum in a saline environment.'®

5.2 Crevice corrosion

It occurs in the screw heads and plates, hip nails etc. Crevice
corrosion occurs when metal and its alloy surface are
partially shielded in the electrochemical environment.
Bates, reported that 316LSS metal is most commonly sub-
jected to this corrosion. It can be eliminated by modifying the
choice of materials."”

5.3 Galvanic corrosion

It occurs when two dissimilar metals are in contact in an
electrolytic solution such as serum or interstitial fluids. It
occurs when bone plates and bone screws are made up of
different metals. Hip prostheses made up of 316 L stainless
steel and sockets made up of Ti-Al-4V alloys are subjected
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to galvanic corrosion. Factors involved in galvanic corro-
sion: potentials, polarization, electrode areas, resistance
and galvanic current, electrolyte medium, aeration and
agitation.'”*'7

5.4 Corrosion fatigue

Combined interactions of electrochemical reactions and cy-
clic loading lead to fracture failure and result in corrosion
fatigue. In load-bearing implants, corrosion and fatigue
resistance are important in cyclic motion applications.
Usually, there is no implant failure, but cracks, surface
damage, minute flow and chemical attack were observed.
Fatigue strength is reduced by changes in body fluid, such as
PH, O, content, and temperature. Hu et al., studied the failure
mechanism of implants, and they reported that failure was
due to cracks, which could be initiated by fretting and
propagated by stress-corrosion cracking (SCC).'”

5.5 Fretting corrosion

It occurs when two opposing surfaces rub each other
continuously in an oscillating way in the fluid body envi-
ronment (e.g., bone plates and screws). It appears even in the
corrosion-free environment. The clinical significance of
fretting lies in the intensity of increased corrosion products
that result in the initiation of cracks and fractures in im-
plants. Weight loss of implants due to corrosion was directly
proportional to the load transmission across the surface.
Mudali et al., reported that implant weight loss is inversely
proportional to the hardness and frequency of stroke. In a
few cases, implants fail due to accelerated wear and fretting,
not corrosion. To protect implants or to limit oxidation,
initially formed passive film must have certain characteris-
tics like a non-porous, atomic structure that limits ion
migration and high abrasion resistance."”*

Hence, the biomaterial for implant application should
be subjected to corrosion tests, wear, fretting, stress, etc.
Dearnley, determined the corrosion behaviour of the
scratched-coated implants to examine the wear-accelerated
corrosion behaviour of coating and to measure corrosion
and wear methodology.'”

6 Surface modification of the
implant

In selecting a suitable surface modification technique
with non-toxicity for specific biomedical applications,
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corrosion resistance, modulus of elasticity, fatigue
strength and controlled degradability have been recog-
nized as basic properties. The rationale behind the sur-
face modification of an implant is that the surface of a
material determines the response of the biological envi-
ronment to implanted materials. Surface modification
of implants is broadly classified into two approaches:
accelerated bone healing and enhanced bone bonding of
an implant.

In the enhanced bone-bonding approach, the surface
topography of an implant material is modified using a
suitable approach that enables the modified surface to
increase the mechanical interlocking of the bone with
the implanted material. The modified surface automati-
cally increases the surface area and surface energy of the
material, which leads to enhanced matrix protein ab-
sorption, cell adhesion and proliferation, and finally, to
better osteointegration of the implant with the bone.
Mechanical processing is the simple physical treatment
and shaping of a material surface by cutting, blasting,
grinding and polishing to produce an improved surface
topography and roughness, remove contaminated mate-
rials and reinforce its bonding strength through
increased adhesion.

In accelerated bone healing, inorganic or composite
bone materials are incorporated into the bone’s surface to
enhance the bone-forming capability of the cells and cause
biochemical interlocking of the implant with the adjacent
bone. The incorporation of organic molecules (biochemicals)
such as proteins and peptides into the surface of the implant
is also an accelerated bone-healing method. Therefore, sur-
face engineering is designed to improve biological perfor-
mance, such as biocompatibility, bioactivity, corrosion, and
wear resistance of the implants, which can modulate and
control the living tissue response. Surface modifications,
including mechanical, chemical, and physical methods, are
the basic methods used to improve the stability of the
implants.'#>'8%

6.1 Mechanical methods

Mechanical methods like machining, grinding, polishing and
blasting are common mechanical surface modifications. Me-
chanical methods improve surface topologies and roughness,
remove contaminations on the surface and increase the sur-
face area, increase the cell adhesion onto the surface and
augment bone tissue interlocking with implants. The grit-
blasting technique involves the bombardment of the implant
surface with the use of silica, Al,O5 or TiO,, which is also called
sandblasting.'®*
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6.2 Ion implantation

It involves the introduction of atoms onto the surface of the
material in a small amount with a beam of high-velocity ions
without modifying the properties or surface of the material.
These techniques produce meta-stable solid solutions
without limitations and enhance new bone formation under
in-vivo conditions.'®

6.3 Laser nitriding

The laser nitriding technique can modify the surface topol-
ogy of the materials. It is the process of increasing the
hardness of the surface by laser excitation under a stream of
nitrogen, nitrogen-argon mixture. Geetha et al.,, carried out
laser nitriding for Ti—13Nb-13Zr alloy in a nitrogen atmo-
sphere using Nd: YAG laser. As a result, surface-treated al-
loys exhibit high corrosion resistance without any cracks.'®®

6.4 Chemical method

Chemical methods include chemical treatments and coatings
(sol-gel, chemical vapor deposition). Acid etching treatment
was performed using hydrofluoric, nitric and sulphuric
acids. Dohan Ehrenfest et al., reviewed the surface modifi-
cation of implants and its applications."’

6.4.1 Coatings

In bone tissue, the inorganic phase is made up of carbonate-
rich hydroxyapatite. Hydroxyapatites have been widely
used for coating deposition on the implant surface. This
hydroxyapatite was shown to be bioactive and allow the
formation of new bone tissue. Calcium phosphate coating
has been explored to modify the surface. Different types of
calcium phosphate used are Sr-HAP, Mg-Mg-substituted
HAP, bisphosphate carbonated HAP, fluorinated HAP and
Ag-HAP.'®

There are various types of coating deposition on im-
plants: electrophoretic coating, thermal spray (plasma spray
and high-velocity oxy-fuel combustion spray), electropho-
retic deposition, laser deposition, biomimetic deposition and
sol-gel deposition.>*89190

6.4.1.1 Deposition techniques

Among various coatings, physical deposition techniques are
the most commonly preferred method. It includes thermal
spraying, radio frequency magnetron sputtering, and pulsed
laser and ion beam-assisted deposition.
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6.4.1.2 Thermal spraying

It is a process in which heated material or melted soft ma-
terial is sprayed onto the surface of the implants. The coating
precursor is heated by means of a high-temperature flame or
plasma jet. The thermal spray provides a coating deposition
of a 20 um thick layer than other techniques. The coating
precursor is fed in powder form, heated to a molten or semi-
molten state, and activated towards the surface of the
implants, forming uniform micrometer-size particles. By
increasing the particle velocity, the quality of coatings,
layers, and films can be improved.*!

The substrates are heated as a result of the extremely
high temperatures used in thermal spraying. In certain
instances, this could lead to the near surface zones
recrystallizing and undergoing phase change. For instance,
following the application of a plasma-sprayed HA coating, it
was discovered that a martensitic transformation and
recrystallization occurred at the near surface of a low-
modulus Ti-24Nb—-47Zr-7.9Sn alloy substrate. According to
Zhao et al.,, the combination of temperature and cooling
process was responsible for both the events. Certainly, such
occurrences result into further ambiguities concerning the
mechanical and adhesive characteristics of the deposited
coatings, films, and layers.'"

6.4.1.3 Plasma spraying

The plasma spraying process is the most commonly used
surface modification technique on the implant surface.
In plasma spraying, precursor materials are deposited as
powder, liquid, fibre or suspension, which is introduced into
aplasma jet, emanating from a plasma torch or plasma arc at
atmospheric pressure under vacuum pressure, and a stream
of gas passes through the torch. This torch turns gases into
ionized plasma at a very high temperature (20,000 K), with a
high speed of 400 m/s. In the jet, the precursor material is
either in the form of a melted solid or a partially melted solid.

Powder injector

coated substrate
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Figure 11: Schematic representation of plasma spray coatings.
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The cooling techniques are to keep the temperature at 100—
150 °C."%® Plasma-sprayed HAP was first used by Herman in
1988.9* HAP is sprayed onto the substrates by heating HAP to
the temperature of 1,200-1,600 °C in a plasma flame formed
by an electric arc containing argon gas. In 1980 Groot et al.,
developed a plasma sprayed HAP coating on the implant
surface;'®® later, Herman et al., modified it in 1988. HAP is
sprayed onto the substrates by heating HAP at the temper-
ature of 1,200-1,600°C in a plasma flame formed by an
electric arc using an argon gas. Plasma guns produce layer
thicknesses of 5-15 lamellae. Once the layer is applied to the
substrate, the plasma gun returns to its original position and
produces another layer, as reported by Quek et al.'® The
current value for plasma spraying of HAP on the substrate
ranged from 350 to 1,000 A and was optimized. The sche-
matic representation of plasma spray is shown in Figure 11.

6.4.1.4 Radiofrequency (RF) magnetron sputtering
Radiofrequency (RF) magnetron sputtering is a frequently
used physical technique to deposit HAP powder into the
implant. Sputter is a process where an atom or molecules of
some materials are ejected in a vacuum chamber and turned
into precursors onto the substrate for coating due to the
bombardment of ions with high energy. Nelea et al., investi-
gated the deposition of HAP film on the Ti-5A1-2.5Fe using RF
magnetron sputtering. The deposition was performed at a low
temperature of 550 °C, and as a result, smooth and uniform
coating was obtained with less amount of crystalline phase.*’
Various types of deposition, such as HAP, B-TCP, and B-cal-
cium pyrophosphate powders, can be performed using RF
Magnetron sputtering. The chemical composition depends on
the types of target materials. A combined RF Magnetron
sputtering deposition technique with other deposition tech-
niques, such as plasma-assisted RF Magnetron co-sputtering
deposition that is used to deposit calcium orthophosphate
on Ti-6Al-4V alloys, and further reviews on RF Magnetron
sputtering was carried out by Surmenev.'* The diagram of RF
magnetron sputtering is shown in Figure 12.

6.4.1.5 Pulsed laser deposition

The pulsed laser deposition technique was first discovered
by Cotell, for depositing HAP coating onto the substrate. It
comprises glasses like KrF laser source; high vacuum depo-
sition chambers attached with rotating target and to the
holder substrate are fixed. This process involves irradiation
of feedstock (solid) by a focused pulsed laser, and this
interaction results in the formation of compounds like
Cay4P,04, Cas(POy), CaO, P,0s, and H,0. The plasma cloud is
composed of ions, atoms, electrons, molecules, droplets, etc.
The deposition of solid on the substrate with temperature
ranges from 350 to 600 °C produces a thin adherent film onto
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Figure 13: Schematic representation of pulsed laser deposition.?%°

the substrate.”® Schematic representation of Pulsed Laser
Deposition is shown in Figure 13.

Ion beam-assisted deposition (IBAD) techniques are
used to deposit thin ceramics and polymers. It consists of
electrons or ion bombardment that vaporizes the precursor
materials, forming an element cloud on the substrate. Ion
gun irradiates the substrate with gases like argon or reactive
oxygen at high-energy gas ions. Deposition of pure HAP films
on Ti-6Al-4V alloys by electron beam vaporization and
simultaneous bombardment using Argon ion beam were
performed by Choi et al., the bond strength of coatings can be
increased with an increase in the current.*”*

6.5 Wet-chemical deposition

These techniques involve mild chemical preparation condi-
tions and also form a three-dimensional geometry coating
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Figure 12: Schematic representation of RF
magnetron sputtering.'’

onto the substrate, which cannot be done by using physical
techniques.
Types of wet-chemicals
(1) Biomimetic
(2) Sol-gel

Recently, Nijhuis et al., reviewed the wet chemical depo-
sition of biomaterial coatings for biomedical applica-
tions.?”* Kokubo et al., first discovered this technique and
worked under physiological conditions of (37°C, pH-7.4,
P(C0O,)-0.05) atmosphere. It is a simple technique that in-
volves the immersion of a metal substrate into an SBF so-
lution to obtain a coating on the surface and form a
biologically active bone-like calcium phosphate layer.**®
Habibovic et al.,, conducted biomimetic studies on HAP
coating, and the result showed a thick and homogenous
crystalline HAP coating on all pores. They also studied the
influence of biomimetically octo-calcium phosphates on
porous titanium alloys. They utilized a more concentrated
SBF solution to produce crystalline coatings to increase the
biomimetic coating. An in vivo study revealed that the
coated OCP showed an inductive behavior.***

6.5.1 Sol-gel techniques

It is a colloidal suspension of solid particles (1-500 nm) in a
liquid medium that is referred to as sol. Sol can be deposited
onto the substrate by spraying, dip coating or spin coating
technique (Figure 14). It is in the form of gel and forms a thin
layer onto the substrate when the substrate is heated or
dried. In these techniques, calcium orthophosphate layers
are prepared by inserting the sample in calcium and phos-
phorus gel at low temperatures. As the formed layer is
porous and less dense, the coated layer can be annealed at
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400-1,000 °C. In order to improve the bond strength, another
coating can be applied as multi-layered coatings. Vijaya-
lakshmi et al.,, synthesized HAP by sol-gel methods and
coated it on 316L SS. The results have indicated that the sol-
gel-derived HAP coatings exhibited excellent resistance to
the localized attack on pristine 316L $S.2”° The corrosion
resistance behavior of the coating was assessed through
electrochemical studies. The sol-gel process is shown in
Figure 15. Precipitation of HAP of thickness 10 ym on the
surface of the sol-gel titania coating was observed by Li
et al.”” They deposited TiO, film on the surface of NiTi alloys
using the sol-gel method to enhance biocompatibility. The
film was compact, smooth and 205 nm thick. TiO, film on NiTi
showed effective corrosion resistance from the electro-
chemical corrosion studies. It also showed improved blood
compatibility, which was demonstrated by dynamic clotting
time and blood platelet adhesions. Using the sol-gel method,
Kim et al., 2004, deposited HAP on the surface of Ti in a
titania buffer solution. Proliferation of cells was observed on
the surface of HAP/TiO, coating in human osteoblasts.
Potentiodynamic polarization tests confirmed improved
corrosion resistance of Ti0,.2%

(partial drying via evaporation)
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Gan et al, studied the development of coating using
different precursors. He applied both inorganic and organic
precursors to produce a film on the implant surface using
calcium nitrate tetrahydrate and ammonium dihydrogen
phosphate as inorganic precursor and Calcium nitrate tet-
rahydrate and triethyl phosphate as an organic precursor.
The thickness of organic and inorganic precursors is 1 and
1.5 um, respectively. Compared with inorganic precursors,
organic precursors showed a dense, thick film with high
crystallinity.2%®

6.5.2 Electrochemical deposition

It is performed at ambient temperature and pressure, and
the feedstock (precursor) carries the electrical charges
dispersed in the electrolytic solution. Generally, coatings
obtained by electrochemical deposition are uniform in
structure, formed through nucleation, and operated at low
temperatures. To produce apatite coatings, non-apatite cal-
cium orthophosphate is deposited, followed by calcination at
800 °C temperature, which improves its bonding to the sur-
face of the implant.2%°
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6.5.3 Electrophoretic deposition

An essential method for depositing different materials and
composites from colloidal suspensions or macromolecule so-
lutions is electrophoretic deposition (EPD). On large-surface-
area substrates, it provides the benefits of a high deposition
rate and the potential for homogenous film development.
Film thickness and deposition rate can be superbly controlled
with EPD. It can be applied to thick coatings, patterned films,
and thin films. For the deposition of polymers, ceramics,
metals, hydroxides, and other organic and inorganic mate-
rials, EPD offers a flexible and affordable method. The po-
tential for uniform deposition on substrates with complicated
forms and the excellent purity of the deposits make EPD
particularly appealing for biomedical applications.”**"

This technique involves the migration of charged particles
in the electrolytic solution by the precursor particles towards
the surface of the implants under the influence of an electric
field. Isopropanol or ethanol is the medium used for electro-
phoretic depositions (Figure 16). It consists of two electrodes:
(1) a working electrode (Ti or SS, substrate), (2) a counter
electrode (Platinum panel placed at a distance of 1.5 cm).

Electrophoretic deposition of calcium phosphate onto
the porous titanium alloys was demonstrated by Lopez-
Heredia et al,?* Calcium phosphate was homogenously
coated on a titanium surface, and the thickness of the coating
was found to be 25 um with a bond strength of 25 MPa. Using
the electrolyte technique, Garbuz et al, coated calcium
phosphate and alendronate of 5 um thick, where the calcium
phosphate and alendronate were reported to enhance the
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Figure 16: Schematic representation of electrochemical deposition on
metal substrates.
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ingrowth of bone.”® Using electrochemical etching and
cathodic deposition, Adamek et al., coated HAP on the sur-
face of the Ti-6A1-4V titanium alloy. Large pores and nano
lamellas were observed in the HAP layer. The chemical
deposition method was a promising route for enhancing the
bioactivity of the surface.!*

6.5.4 Electrospray deposition

Solutions containing the precursor materials are sprayed on
the surface of the implants under the influence of an electric
field that creates an aerosol of similar charge (i.e., micron-
sized droplets). It controls the thickness and chemical
composition of the coatings.?”® A schematic representation
of electrospray deposition of coatings is shown in Figure 17.
The main advantage of electrospray techniques is the
deposition of small droplets of 10 nm on the surface of ma-
terials. The charges and size of the droplets can be controlled
by an electric field. Jaworek,*"® reviewed the electrospray
method and devices for thin film deposition using a metal
ion source. This technique was applied to modern materials
technology, microelectronics and nanotechnology. Leeu-
wenburgh et al., performed ESD using a soluble calcium salt
(nitrate or chloride) and phosphoric acid, which are dis-
solved in the alcohol. The prepared solution was sprayed
onto the substrate and heated to 300°C. The chemical
morphology of the film was found to be strong depending on
the precursor solution.”®

7 The interface of bioimplant-
tissues

7.1 Contact of implants with blood and
protein

When implants are incorporated into the human body,
they ensure the formation of injury with bleeding. These
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bio-implants primarily interact with blood, which has
serum, plasma (protein), platelets and other cells. Proteins
comprise 20 different amino acids with linkage of peptide
bonds, and they have extreme functions in the human body.
The proteins can act as enzymes to catalyze the number of
chemical reactions that are most crucial in normal life.
Proteins are the main groups of molecules that behave as cell
signaling for immigration, proliferation and differentiation
of cells. Also, these proteins are involved in generating the
extracellular matrix for several tissues. The changes in
structure and levels of proteins can affect the normal func-
tion of the body and be liable for different diseases. How-
ever, this can be identified by the blood screening and results
as a state of disease.”’

Proteins play a vital role in recognizing the nature of
implants’ interface with tissues. When implantation takes
place in the human body, it can slightly alter the human
environment by a change in ionic concentration and pH,
which leads to modifying the function of proteins. In addi-
tion, the proteins change their biological activity with
structural properties by contact with solid materials after
implantation. The most abundant protein in the blood is
albumin, and in the immune system are immunoglobulins,
which are absorbed on the implants, followed by the for-
mation of an absorbed protein layer that may be fibrose.
These proteins exhibit superior affinity towards the surface
of biomaterials.

The coagulation of blood was directed by the attachment
of factor XII-protein clotting agents, which exist in blood,
followed by platelets, which can attach to the surface of
implants. This leads to the clot formation of fibrin. There-
fore, the contact of blood can help the cytokines and cells to
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be involved in the interaction of with bio-implants in a
biological system.*®

7.2 The wound curing

Biomaterial implantation develops the interruption of
normal cellular activity of tissues, and the human body
highly exhibits the healing response of the wound; this can
be instantly activated by the implantation of biomaterials.
The wound creation initiates the transpiration of cellular
actions that can provide information about the interaction of
biomaterials and tissues. During the interaction period of
tissue and implant, four sub-reactions occur: hemostasis,
inflammation, initial repair/proliferation, and remodel-
ing,?" as shown in Figure 18.

7.2.1 Hemostasis

Blood bleeding can usually be controlled by the platelets
through the coagulation process by the attachment of
clot-forming proteins, which are adhered to the surface of
bio-implants. The clot of blood is the extreme step for the
initiation of repairing tissues and fills the cracks around the
implantation.”*

7.2.2 Inflammation after implantation

The cytokines (cell signaling molecules) can be generated
after the clot formation of blood that can recruit the
inflammation cells from the bloodstream. Phagocytosis can
take place by these inflammatory cells by digesting tissues
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Figure 18: The interface of bioimplant-tissues.
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and biomaterials. The inflammatory cells can release growth
factors at the wound position and start the cell replication of
connective tissues at the wound spot.”!

7.2.3 Cell proliferation and initial tissue repair

After biomaterial implantation, it promotes cell attachment,
proliferation and population. This nature of bio-implants
can regenerate the damaged and vanished tissues in the
bone defect area. When non-degradable implants are placed
in the injury sites, have encapsulated by the fibrous tissue.
This encapsulated tissue can isolate the implant from the
biological system to defend the host. The physical and
chemical properties of biomaterials, rate of apatite forma-
tion, and exchange of ions have also influenced the thickness
of fibrous capsules. If permanent implants are inserted into
a body, then a little fibrous capsulation is left all over the life
of the bio-implant. This cannot happen in the bone because
of the direct bone apposition occurring on the surface of
implants.?***

7.2.4 Remodel designing

The newly formed tissues will be rapidly remolded by the
transformation of cells into functional tissues, and the
wound marks remain in the diseased part of the body.***

7.3 Degradation and resorption of
biomaterials

Biomaterials are degradable and non-degradable materials,
in which degradable materials can undergo degradation by
chemical processes or cells. The bioresorbable materials are
designed according to the rate of degradation in a human
environment with respect to time and act to replace the
damaged tissue with a complete resemblance of natural
tissue. Bioresorbable materials are developed using poly-
mers such as polylactic acid (PLLA), polyglycolic acid (PGA),
etc. These polymers can degrade easily at a lower level of
molecular weight and release the fragments that elicit an
immune response from macrophages. The degradation rate
of these polymers can depend on the crystallinity and mo-
lecular weight, which has a degradation period from
6 months to a few years. The faster degradation materials
create the non-curing wounds. After the degradation of
materials, they can release the fragments and cause
inflammation. Therefore, this inflammation action creates
problems for the implants and requires surgery to remove
them from the host.?#%2
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7.4 Immunological response

Immunogenicity is the affinity of an entity to stimulate the
immune response. The immune system protects the human
body through a combination of chemical and physical bar-
riers, such as enzymes and skin, respectively, and cellular
barriers, like T cells (cytotoxic T lymphocytes). The immune
system proteins are activated while bio-implantation takes
place in the host, and these proteins direct the cell’s behav-
iour on the surface of implants. Hence, the surface chemistry
of bio-implants plays a crucial role in the attachment of
various immune proteins that further leads to promoting the
cell’s adhesion with differentiation.”’

8 Application of biomaterial
implants

8.1 Soft tissue applications

Polymers like silicone, Dacron, Teflon, polyurethanes, poly-

acrylate, polyethylene, Nylon, etc., are widely used for soft

tissue applications; these polymers can be made into various

physical forms such as liquid, foam, film, rod, fabric, and

suture materials. Five groups of implants used for soft tissue

applications based on their function are

(1) Shunts — fluid transport in the body.

(2) Percutaneous devices — pass from the outside through
the epidermis into the body.

(3) Space fillers.

(4) Scaffolds for tissue growth (sutures and wound
dressing).

(5) Electrodes — neuromuscular stimulation.”*®

8.1.1 Maxillofacial implants

There is an increased number of procedures to improve
facial plastic surgery, which corrects the genetics, traumatic
and cosmetic deformities. Either natural or synthetic bio-
materials can be used for a number of facial plastic surgery.
These biomaterials are used to change the defects in the face,
nose, lips and forehead.”’

Polyvinyl chloride and acetate (5-209%) copolymers,
PMMA, silicon, Dacron, Teflon, and polyurethanes are
widely used materials for maxillofacial implants. Polymers
such as PMMA or silicone rubber were used for augmenta-
tion in soft tissue applications like gum and chain.

A wide range of tissues, which include cartilage auto
graft, cartilage homograft, and bone graft, are collected and
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used to augment, re-contour and replace defective struc-
tures found in the face.”°

8.1.2 Cartilage autograft

Glasgold and Glasgold, in 1991, revealed that cartilage auto-
grafts are the most commonly used implants for the face,
although the use of synthetic materials is restricted to the
nose due to its complex factors. The nasal (septal and lateral
cartilage), lobe of the ear (concha cartilage) and rib (costal
cartilage) are the major sources of cartilage. In nasal tip
surgery, the lower lateral cartilages are removed to fill the
defect in the other part of the nose. To reconstruct malar,
mandibular defects and auricular defects, the coastal carti-
lage derived from the sixth and seventh rib is used.”!

Donald and Boride have reviewed the use of human
cartilage homograft, which can be preserved under sterile
and frozen at —70° for 30 min and then freeze-dried at 40 °C
for 36h. Before surgery, the freeze-dried material is
rehydrated.?*

8.1.3 Other implants materials

Churukian et al., reported that collagen could be used as an
injectable form to remove wrinkles and acne scars. These
materials require continuous preservation due to the limited
life of the implants. The usage of injectable siloxanes, which
polymerize in situ, has been partly successful in correcting
facial deformities.”*

8.1.4 Biomaterials in urological applications

The most commonly used biomaterial for urological appli-
cations is silicone. Biomaterials found increased application
in urethral catheters to relieve urinary retention to the
refined and complex percutaneous urinary damage system,
indwelling stent devices for correction of urinary inconti-
nence, urinary bladder, testicular and penile prostheses.”*

Silicone rubber catheters are well accepted with crystal
deposition on their smooth lumens, permitting prolonged
use of an indwelling drainage system. Nylon, polyurethane,
and polyethylene are biomaterials used for the fabrication of
stents. After renal surgery, indwelling urethral stents pro-
vide internal splintage to enable the healing of the pelvis and
ureter, in addition to consenting to uninterrupted urine
drainage from the kidney to the bladder. The treatment for
urinary incontinence has remained one of the challenging
problems in urology. However, various medical techniques
have been successfully employed.”*®
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8.2 Hard tissue applications
8.2.1 Cardiovascular application

Cardiovascular systems include the heart and blood vessels,
which concern blood circulation throughout the body.
Problems associated with heart valves include structural
changes, opening or closing of valves or diseased valve
metals. Various metallic implants, ceramics, and polymers
are most commonly used for the fabrication of heart valves.
Fatty acid blockage of coronary arteries and blood vessels
can be replaced by artificial arteries.”*

Lee and Harston, carried out several in vitro tests for the
estimation of the thrombogenic potential, consisting of first
exposing some blood to contact surfaces of numerous mate-
rials and consequently determining the clotting time within
this group of materials, which is associated with silicate
glasses for standard reference. Kaolin, metakaolin, ZrO,,
feldspars, and SiO, displayed a relative degree of thrombo-
genicity, whereas Al,O; and calcium phosphate bones
appeared to cause comparatively little thrombogenicity.”*’

Ischemic heart disease caused 180,000 deaths in the U.K.
and 500,000 deaths in the USA. It is a premature heart dis-
ease which causes death in middle age. An artificial heart
can be replaced by using seamless polyurethane for a rigid
outer shape with a cardiac ventricle and auricle. The implant
should ensure blood biocompatibility in order to prevent
the rejection of the device by thrombogenicity blood
response. Fabrication of materials like pyrolytic carbon-
coated graphite, pyrolytic carbon-coated titanium, Co-Ni-
alloys, and Co-Cr alloys SS coated with polyprosynthetic
implants can improve biocompatibility. Ti, 316L SS and CO-
Cr are the most commonly used metallic materials used for
the stents. Among these, 316L SS is widely used for stents, and
Co-Cr with high elastic modulus has been used for the
development of stents. Lately, Mg alloys have been used for
cardiovascular implants for temporary or local delivery
services.

Recent cardiovascular therapies are controlled by loss of
endothelium restenosis and thrombosis. A hybrid nano
matrix associated with electrospun PCL amalgamate nano-
fibers was reported by Andukuri. From this, it is concluded
that hybrid nanofibers were found to have wider applica-
tions in cardiovascular implants.*® Figure 19 illustrates
artificial heart valves.

8.2.2 Orthopaedic implant

Orthopaedic implants are augmented into the skeletal sys-
tem, such as bone plates, screws, total hip joints, knee joints,
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Figure 19: Artificial heart valves.”*

elbow joints, shoulder joints, and reattachments of liga-
ments of the body for healing purposes. And, in case of ac-
cidents, it is permanently placed into the body, which is most
common in recent decades. Osteoarthritis and rheumatoid
arthritis are a form of joint disorders, for instance, hip, knee,
shoulder, ankle and elbow. It has been accessible to alter the
joint with prosthesis, plates and screws, hip, knee, spinal,
and shoulder. Figure 20 depicts a total hip replacement.
There are two types of orthopaedic implants:

— Temporary implant. e.g., plates and screws.

— Permanent implant. e.g., hip, knee, spinal, shoulder.

Corrosion is the main reason for the failure of the im-
plants, which results from wear. Ceramics, Co—Cr of high
wear resistance adopted to construct the implant for or-
thopaedic application. Femoral components comprise ti-
tanium and balls made up of Co-Cr with or without
coating. Femoral components fabricated from Ti-6Al-4V
and Ti-6Al-7Nb cause corrosion, which was reported by
Waller et al.**° Nakagawa et al., acknowledged the in vivo
corrosion behavior of the titanium with plasma deposition
to prevent corrosion on the implant surface.?*! Khan et al.,
carried out corrosion tests using titanium metals like Cp-
Ti, Ti-Nb-Zr, and Ti-Mo alloys. Despite the corrosion and
toxicity of the implant, which causes adverse effects re-
mains undetermined.***

A
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Figure 20: Total hip replacement.
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8.2.2.1 Sutures materials
The suture has been classified into various types based on
their origin, as shown in Figure 21.

8.2.2.2 Monofilaments

According to Guttmann et al., monofilament sutures have a
smooth surface that provides tissue and blood cell passages
without any inflammation or contamination, whereas
braided sutures are highly flexible, have lower memory, and
are easily handled. Natural sutures are made from silk,
cotton or linen. The use of silk sutures has been reduced due
to its low tensile strength and higher tissue reaction, which
in turn leads to tissue ingrowth and finally causes in-
flammations. Henceforth, synthetic non-absorbable sutures
such as polyester, polyamide, polypropylene, etc., have been
developed.?*

Stainless steel BS 3521, tantalum or silver are the
metallic sutures wires used as single-strand monofilament
sutures. These surgical suture wires are utilized in ortho-
paedic, thoracic surgery and nerve-ending clipping. In neuro
and thoracic surgery, metal ligatures are made from silver
tantalum wires, which are most commonly preferred for
medical applications.

8.2.2.3 Drug delivery sutures

The degree of infection or inflammation caused near the
wound closure can be decreased by the antimicrobial drug
delivery systems that improve the healing process. Anti-
bacterial agents such as tetracycline and gentamicin can be
coated or doped onto the polymers (PCL) or nanomaterials
for drug delivery.**

8.2.2.4 Sensor application

Biomaterials can be used in sensor applications, such as
electrodes, to measure the bioelectric signal that monitors
the function of body parts or organs, e.g. ECG (electrocar-
diogram). ECG records the heart’s electrical activity by
extracellular potential generated across the cell membranes.

—  natural or synthetic

absorbable or non-

Sutures = absorabale

single strand sutures
(Multifilaments)

monofilaments
L /multifilaments or

braided/twisted -
composites sutures

(multi/monofilamenst)

Figure 21: Classification of sutures.
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Platinum and its alloys are more acceptable electrodes for
biomedical applications.

8.2.3 Metals in dentistry

Metals in dentistry are primarily used to construct crowns,
inlays and orthodontic wires. The metals are generally
in the form of an alloy to emphasize their strength and
aesthetic value. Gold alloys (containing silver, copper,
palladium, platinum, and zinc), cobalt-chromium, titanium-
aluminum-vanadium, stainless steel and nitinol are used for
dentistry.**

8.2.4 Oral implants

The adults over the age of 50 years were found to have upper
and lower dentures, whereas others have partial dentures to
replace the teeth. Without any serious illnesses concerning
aesthetics, function and retention, these false teeth serve the
individuals. Subperiosteal and end osseous devices are the
most commonly used dental implants. These implant devices
are used to repair damaged and diseased mandibles, support
the reconstruction of the alveolar ridge, and stimulate the
growth of bone to change lesions accompanying periodontal
disease. Therefore, successful long-term dental implants for
these applications would solve many problems and provide
aesthetic appeal for a large number of people.**®

8.2.5 Dental implant

Bacterial disease is the main cause of damage to tooth and
gum tissues. Demineralization and dissolution of teeth
caused by metabolism of bacteria may result in dental cav-
ities, tooth decay or damage. Biomaterial implants can be
used to replace the teeth. Different types of alloys are used
for dental implantations, such as restoration, amalgam
implants, solders and orthodontic materials. The basic
requirement for the implant is high flexibility and the ability
to adapt to the shape. End osseous and subperiosteal im-
plants are used for dental applications such as root blades to
secure the crowns and retain dentures. The end osseous is
located within the bone, and the subperiosteal is located on
the top bone. A schematic diagram of the dental implant is
shown in Figure 22.

Corrosion is the major problem for metallic dental im-
plants where the pH of saliva ranges from 5.2 to 7.8, which
leads to the failure of implants. Temperature, quantity and
quality of saliva, plague, pH, protein, and food are the main
causes of corrosion. Chaturvedi reassessed the corrosion
of metallic implants for dental applications.”*’ Galvanic
corrosion occurs in between metallic alloys, such as Co—Cr
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Figure 22: Human dental implant.

alloys, Ni—Cr, sliver palladium, gold ternary Ti. Galvanic
corrosion is the major problem associated with density. It
occurs when two metals or dissimilar alloys come into con-
tact, and there is a flow of electric current. Pitting corrosion
caused by Co alloys is highly carcinogenic, and titanium
alloys are resistant to corrosion. Hence, Ti alloys are
commonly used for dental implants. Changes in tempera-
ture, pH of saliva, brushing, and food lead to the failure of
implants even though implants are highly corrosion
resistant.**®

8.2.6 Dental fillings and restorations

According to Boyne, dental amalgam is conventionally used
for dental filling. The amalgam consists of silver-tin copper
alloy with mercury. The presence of mercury in amalgam
hardens and causes the tooth to crack. Alternatively, com-
posite, ceramics and glass ionomer polymer filling are
employed. A composite filling is made of resin and plastic.
Inorganic fillings containing a minimal quantity of silica-
alumina glasses and calcium fluoride have been used
recently for cavity restoration with high hardness, low
polymerization shrinkage and wear resistance.”*’

8.2.6.1 Drug delivery system

The drug delivery system comprises carriers like polymers or
ceramics, which incorporate bioactive agents with controlled
therapeutic limits. The carrier used for loading the drug
should be non-toxic, non-carcinogenic, non-inflammatory or
non-immunogenic. The bioactive agents used to release on
the target site to breakdown the cells or tissues and elimi-
nation of the products. Based on the properties (pH, ionic
strength, concentration and wettability) of bioactive agents,
the rate of drug release takes place. Drug release is classified
as chemical-controlled and diffusion-controlled. In diffusion-
controlled, the drug diffuses out of the carrier into the
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silicone

Ocular lenses: acrylates,

Ear: HAP, A20;s, Ti,
silicone

Dental: acrylic, gold, 316L SS,
Co-Cr-Mo, Ti, Ti-6Al-4V,
AlOs;, HAP, Bioglass

Degradable Sutures:

Co-polymers of PLA,
PGA, PCL.

Load-bearing Orthopedic:
AL Os, Zirconia, 316L SS,
Ti, Ti-6Al-4V, Co-Cr-Mo.

Blood vessels:
ePTFE, PET

Figure 23: Applications of biomaterials.

surroundings in the form of a matrix or reservoir. Chemi-
cally controlled release occurs either by polymer biodegra-
dation or by chemical bond cleavages. Polymers such as PVA,
PGA, PLA, Poly [2-hydroxy-ethyl methyl acrylate PHEMA],
PAA and cellulose derivatives are the most commonly used
carriers for controlled drug release.*°

Bioceramics carriers such as HAP, tricalcium phosphate
and magnetic materials are usually used in drug delivery
applications. For cancer treatment, a collagen-based micro-
sphere is used to release IL-2, polyline and cisplatin on the
targeted site. In the case of prostate cancer treatment, Zoladex
(Zeneca Pharmaceuticals USA) was used, which consists of
LH-RH group agonist in the polylactic polymer.” Figure 23
illustrates the application of biomaterials in the human body.

9 Future directions

During the last 60 years, the biomaterial field has changed
significantly in the development of biomedical devices with
improved applications in the direction of future tissue en-
gineering. However, in this present period, stem cell trans-
plantation is one of the most trending clinical applications in
normal human life. So, biomaterials have been used in the

Maxillofacial reconstruction:

AlO3, HAP, TCP, HA/PLA,
Bioglass, Ti, Ti-Al-V

Heart: Co-Cr-Mo, Ti-6Al-
4V, ePTFE, PET

Pacemaker: 316L SS, silicone,
PET

Spinal: Co-Cr-Mo, Ti,
HAP.

Prosthetic joints: 316L SS,
Co-Cr-Mo, Ti, Ti-6Al-4V,
silicone.

enhancement of stem cell therapy with an appropriate bio-
logical response.

An alternate method for the restoration of damaged
tissues and treatment for degenerative disease is stem-cell
transplantation. Stem cells and regeneration medicine is a
fast-growing field that focuses on human health. Three
important features for the successful use of stem cell therapy
are stem cells grow indefinitely, differentiate into specified
cell types, and can be delivered to the site of biomaterials
with excellent biocompatibility. Tiago Pereira, developed
biomaterials associated with cellular systems using mesen-
chymal cells that are isolated from Wharton’s jelly of the
umbilical cord. They studied different biomaterials associ-
ated with MCSs in rat muscles.?”

Transplantation of stem cells to the heart can improve
cardiovascular functions. Vincent and Richard,?* reviewed
how biomaterials can enhance the stem cell for heart func-
tions. Biomaterials can assist in angiogenesis engraftment
and differentiation of stem cells. Biomaterials can accelerate
the electrochemical integration of stem cells and assist in the
angiogenesis, engraftment and differentiation of stem cells.
Along with stem cells, biomaterials can deliver proteins,
genes and RNA. Many approaches require biomaterials and
stem cell biology in regenerative medicine.”**>
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However, concepts like healing, dynamics and adap-
tation, hierarchy, and complexity are beginning to char-
acterize the design of soft biomaterials from a future
perspective. To attain this potential and acquire knowledge
about the creation and design of complex biomaterials
systems, enhanced bone modeling and experimental
methods are needed. Contemporary chemistry has made it
feasible to synthesize polymers with controlled molecular
weights, distinct sequences, and integrated biological
functionality; nonetheless, the functionality and perfor-
mance of biomaterial systems ultimately rely on how these
structural components combine and interact at complex
biological interfaces.

Numerous novel technologies, including 3D and 4D
bioprinting, electronic beam melting, and robocasting,
have been developed by combining various production
techniques from fields of study not typically related to
biomaterials or medicine. Customized biomaterials can
now be produced at a degree that was previously impos-
sible with these new technologies. The field of biomaterials
will progress and assist in addressing the difficulties that lie
ahead if researchers from several disciplines not only en-
gineering and medicine continue their interdisciplinary
cooperation. In order for the general public to benefit from
the materials’ unparalleled abilities to heal, repair, and
regenerate, a concentrated effort must be made to move
smart biomaterials from laboratory research and devel-
opment into clinical practice.

10 Conclusions

— In this present research review, we have provided
fundamental information about synthetic biomaterials
and their applications towards biomedical and tissue
engineering technology. There is an increase in interest
in research and development in the field of nano-
biomedical applications.

—  Synthetic biomaterials are highly recommended for use
in orthopaedic and dentistry surgery due to character-
istic features such as biocompatibility, bone-bonding
ability, non-inflammatory and non-toxic, etc. In these
synthetic biomaterials, more sub-class of biomaterials
are present; they are bioceramics, composites, polymers
and metallic alloys. These biomaterials have their own
advantages and disadvantages when applied in clinical
applications such as drug delivery, total hip replace-
ment, and cardiovascular valves. The design and clinical
trials of developed synthetic biomaterials are an inter-
disciplinary area that requires the contributions of sci-
entists, pathologists, and engineers. These biomaterials
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are mainly implemented in the surgery with proper
interaction of tissues in the form of biomechanics,
biochemical and physiology.

— However, bioceramics and their composites are limited to
use in large bone defects and fractures due to their poor
mechanical properties. Hence, metallic alloys such as 316L
SS, Co—Cr alloys, Ti-alloys, etc. act as substituting materials
for ceramics and their composites in high load-bearing
areas. In these, 316L SS was reported as 70 % failure due to
pitting, crevice attack, and crack. Titanium and its alloys
play a promising role in the biomedical field, and titanium
implants are more advantageous in terms of blood clot
formations due to their reduced surface roughness and
moderate wettability. Ti-etched surfaces are essential for
osteoblast proliferation and suitable for bone healing tis-
sues. Titanium implants are generally surface modified to
increase the osteoconductivity and osteointegration with
an increase in the corrosion and wear resistance. Surface
modification implants protect the metallic implants from
corrosion and wear and improve biocompatibility. The
bioactive ceramic coatings on metallic alloys play a crucial
role in the formation of chemical bonds with natural bone
and act as a barrier to prevent the leaching of ions from
bio-implants with improved corrosion resistance.

— Inthe medical field, 3D printing technology has become
a potent instrument that makes it possible to produce
intricate implants and medical devices that are both
affordable and tailored to each patient’s unique re-
quirements. The technique has a number of benefits,
including shorter lead times, better patient outcomes,
and lower costs. Tissue engineering, aided by 3D print-
ing and decellularization techniques, will undoubtedly
provide a revolutionary answer for tissue/organ regen-
eration and, eventually, for patient treatments that are
both safe and effective.

—  Furthermore, the current researchers need to investigate
the bio-implants by applying advanced manufacturing
methods with highly sophisticated coatings techniques
to improve the osteo-conduction, biocompatibility, and
corrosion resistance properties of biomaterials also
require focus on the in vivo studies for future tissue en-
gineering applications.
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