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availability, different types of biomaterials like metal, ceramic, polymer and their
composites are used for several purposes in the body. In this review article, types of
biomaterials have been discussed with their advantages, disadvantages and recent
applications in the pharmaceutical field such as implants used to mimic the structure and
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function of tissues, dental implants, wound healing, cell regeneration, regenerative
medicines, delivery of drugs and different organ regeneration. Organ regeneration
leading to replacement of organs such as heart, trachea and lungs etc. by use of specific
biomaterials has been reported with the diagnosis of diseases and its treatment.
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INTRODUCTION

. . . BIOCOMPATIBL
From the last few decades, biomaterials have marked its E Iﬁ'DYES?g:IT‘P;
presence in the fast advancing pharmaceutical and medical A s MECHANICAL

NON- PROPERTIES

INFLAMMATORY)

fields. Biomaterials are those materials which are intended
to interact with biological living tissue and used for
therapeutic and diagnostic purpose. Earlier these materials
were only used in medical devices to treat or to replace
any tissue or improve the functions of organ. But later it
was found that the term non-viable given to them is
inappropriate as biomaterials have its application more
than just as implanted devices.!Biomaterials are a major
part of our routine practice in the diagnosis as well as for
the treatment of several human diseases.2Biomaterials are
basically, any materials (Natural or synthetic) that are
biologically compatible with the human body and is used
to support, enhance, restore or replace the biological
function of damaged tissues and is continuously in contact
with the body fluids.

BASIC FEATURES REQUIRED FOR THE
BIOMATERIAL:

Since the biomaterials are in direct contact with the body
tissues and body fluid, there are some basic features
required for the biomaterial such as biocompatibility,
inertness, safety, stability, cost effective and easy to
fabricate3 as shown in figure 1
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Figure 1: Features of Biomaterials

CLASSIFICATION OF BIOMATERIALS*

Biomaterials can be broadly classified on the basis of its
source, such as natural and synthetic biomaterial which
can also be further sub-classified as shown in table 1 and
figure 2.
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Table 1: Classification based on occurrence of biomaterials

Biomaterials Example

Naturally extracted biomaterials

Protein based biomaterials Collagen, fibrin, and silk

Polysaccharide based biomaterials Chitosan (CS), alginate, and hyaluronan.

Gum based biomaterials Pectin, xanthum gum, dextran

Synthetically derived biomaterials

Polymer-based biomaterials PLGA and polyethyleneglycol (PEG)

Peptide-based biomaterials short amino acids and self-assembling peptides

Ceramic-based biomaterials. Bioactive glass and hydroxyapatite.

Biomaterials

Naturally extracted Synthetically derived

biomaterials

Polysaccharide
based
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Figure 2: Classification of biomaterials

MATERIALS USED AS BIOMATERIALS

Ceramics, metals, polymers and composites can be used for
constructing biomaterials which can be further engineered
with biochemical, biophysical or biomechanical signals
according to the expected demands.*

CERAMICS

Ceramics are biocompatible materials also known as bio-
ceramics. Bio-ceramics are generally firm materials for the
surgical implants whereas some are flexible. Bio-ceramics
are either the long durable metal oxides or are the body’s
own materials. The average range of duration have raised
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because of the continuous innovation in the biomaterial
field.>

In 1950s, it was found that the inert ceramic materials are
used for the structural bone replacement because of their
biocompatibility and also mechanical properties. In 1980s, it
was found that ceramic materials like glass-ceramic,
bioactive glasses, calcium sulphates and phosphates are
used as bone grafts or for the metallic implants coatings
because of their degradation behavior. Later, a ceramic
scaffold for hosting cells and bioactive molecules for the
bone tissue regeneration was also found to be effective. The

CODEN (USA): JDDTAO



Naidu et al

synthesis of the implantable scaffolds is able to provide a
long-term antibiotics delivery.6

Bio-ceramic materials are used as biomimetic systems and
they are designed to meet the mechanical and biophysical
properties followed with the similar structure of the original
tissue. These systems are deliberated for getting similar
functions as that of original tissues but for more
improvement in the performance, therapeutic molecules can
be integrated within.”The biomimetic ceramics provides
enhanced protein absorption and can be used to load
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therapeutic molecules. Some of the biomimetic ceramics are
also used as therapeutic molecule for example glass is used
for antibacterial activity.8

Ceramics can be classified as nonabsorbable/ inert
(Alumina, zirconia, silicone nitrides, and carbons) and
absorbable/ non-inert (calcium phosphates and calcium
aluminates). There are different generations of bioceramic
materials and each of them includes some specific type of
material as depicted in table 2.

Table 2: Types of bioceramic material®

Types of bioceramic material

Examples

First generation

Alumina: Al203 Zirconia: ZrOz Carbons.

Second generation

Calcium phosphates, Calcium sulphate, Calcium phosphates and
sulfates+Zn0, Fe203, CaCO3, Hydroxyapatite,Glasses, Glass ceramics.

Third generation

Bioglass: Porous bioactive and biodegradable ceramics, Mesoporous
materials, organic-inorganic hybrids

POLYMERS

Polymers are the mainstays developed for the delivery of
therapeutic drugs.® Polymeric materials have a wide
application in biomedical field as the polymers can degrade

into metabolites of body or are eliminated from the body.
Polymeric biomaterials have been monitored for
biochemical, biotechnological, medical as well as
pharmaceutical applications.10.11

Table 3: Types of polymeric materials

Polymeric material

Examples

Natural polymers

Fibrin, chitosan, carrageenan, collagen, alginate, hyaluronate

Synthetic polymers

Acrylics, polyamides, polyesters, polysiloxanes, polyurethane

Different approaches are utilized for the synthesis of
different polymers. Polymeric scaffolds are used for the
replacement of different injured tissues (hard and soft
tissues). For hard tissue engineering, the use of polymeric
substitutes is less because of the poor mechanical properties.
Thus cross-linking through chemical reactions are done for
improving the mechanical properties.12

To provide with controlled drug delivery, bioactive agents or
the drugs are entrapped inside the matrix which is insoluble
and have very small dimensions in the range of sub-nano,
nano or micro. Polymeric materials are most commonly used
as matrix for the controlled release of the therapeutic
agents.!3The ideal properties required for a biodegradable
polymer should be, better incorporation of drugs, specific
drug targeting, controlled release of drug, greater stability,
maximum distribution, reduction in toxicity while
maintaining the therapeutic activity.11

Natural polymers

Agarose is a marine polysaccharide derived from red
seaweed and has so many beneficial properties such as high
bioactivity, thermo gelling behavior, and switchable chemical
reactivity for functionalization. Thus agarose is used for the
construction of several drug delivery systems as a carrier for
the therapeutic drug.1415

Alginate is one of the most commonly used biomaterials

obtained from brown algae, commonly Laminaria
hyperborean, Laminaria digitate, Laminaria japonica,
Ascophyllum  nodosum, and  Macrocystis  pyrifera.l®

Nanocellulose has shown great promise due to its robust
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mechanical  properties, and  desirable

characteristics.17

biological

Pectin derived from plant cell walls is an ideal candidate for
hydrogel formation and 3D bioprinting on account of its high
molecular weight, and hydrophilicity. Fucoidan, water-
soluble polysaccharide derived from marine brown algae.
Starch is a polysaccharide derived from cereals and tuber
plants.18

Collagen is used as a biomaterial for making scaffolds for
wound healing. It is generally used for skin wound healing as
it has great abundance in the body as it is the main
component of the dermal extracellular matrix.19

Chitin and chitosan derivatives are the polymeric materials
used for different purpose such as excipient, drug carrier,
and oral mucoadhesive, water resistant adhesive by virtue of
their release characteristics and adhesion. 20

Synthetic polymers

Polyesters are thermoplastic polymers and these can be
developed from a variety of monomers by ring opening and
condensation polymerization routes depending on the
monomeric units. Different synthetic routes are available for
developing polyesters.21Polyglycolide is a synthetic polymer
investigated for biomedical applications. It is highly
crystalline polymer and thus exhibits a high tensile modulus
with low solubility in organic solvents. It shows excellent
mechanical properties due to its high crystallinity.
Polyglycolide is very stiff in comparison to other
biodegradable polymeric system used clinically.22
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Polycarbonatesare, a class of synthetic polymers. They are a
group of thermoplastic polymers which contains carbonate
groups in their structure. Aliphatic carbonates becomes soft
in the temperature range 40-500C.23

Polyethylenes are thermoplastic and have crystalline
structure. It is defined as a polymer of ethylene produced by
addition polymerization, linear polymers and also prepared
by condensation reactions.2¢# Polyphosphazene-based
biomaterials are a newly developed biomaterial used in
biomedicine. This is a distinctive class of polymers which
have exceptional benefits that are rarely found in the
polymers like poly(e-caprolactone) and poly(lactic-co-
glycolic acid. Although the complete use of the polymer is not
accomplished but has found promising characteristics for
tissue engineering as well as drug delivery.25

METALS

Metallic implants have great importance in the medical field.
Metallic biomaterials are preferred because of the
mechanical properties, biocompatibility, low friction, low
cost and resistance to corrosion.26 But these are highly
aggressive to microenvironment that can lead to metal
degradation and release of unwanted metallic ions which can
cause local tissue damage and inflammation.2” Steels,
stainless steel, titanium alloys, cobalt chromium alloys, gold,
and gold alloys are the most common metallic biomaterials.

Metallic biomaterials have different intrinsic properties like
toughness, high strength, and electrical conductivity,
mechanical reliability, corrosion resistant and wear resistant.
These properties of metallic biomaterials make the medical
metal devices make metals more dominating than other
materials. It is found that nearly 70-60% of the implants
made are of metal.28
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Some metallic elements which occur in natural form are
essential for red blood cells function iron or synthesis of
vitamin B-12 but cannot be tolerated in large amount in the
body. Thus the biocompatibility of the metallic biomaterials
is very important concern as they can corrode in an in vivo
environment.2® Zinc as a metal biomaterial exhibits various
intrinsic physiological relevance, biocompatibility,
biodegradability. Zinc ceramic nanomaterials are used for
tissue engineering, drug delivery and also cancer therapy.3°

COMPOSITES

The word “composite” refer to the materials in which the
definite phases are divided on a larger scale than the atomic,
and the elastic modulus properties can be altered. Some of
the natural composites are wood, bone, dentin, skin and
cartilage. Foam as a composite has one of the phase empty.
Natural foams are lung, cancellous, bone and
wood.31Composite as a biomaterial has application for
orthopedic implants, dental filling composites, and bone
cements.2932 Composites are generally stronger from any of
the single materials from which they are made. Composites
have advantages in comparison to the metals and ceramics
as they have disadvantage like low bioavailability and
corrosion of metals. Recently various types of different
composite materials for biomedical application are
developed it is becoming one of the preferred choice for load
bearing tissue components. The composite biomaterials has
advantages like great biocompatibility, no corrosion as in
metals and fracture strength in comparison to ceramic
materials.33

The advantages, disadvantages and applications of various
types of biomaterials are depicted in table 4.

Table 4: Advantages, Disadvantages and Applications of various types of biomaterials

Types of Advantages Disadvantages Applications
biomaterials
Ceramics Inert, corrosion resistance, high | Difficult manufacturing, low Surgical implants, dental parts,
biocompatibility, low thermal impact strength, Coatings, structural bone
and electrical conductivity. reproducibility. replacement, medical
equipment, bone fillings and
bone tissue regeneration.
Polymers Easy to Fabricate, low frictional Low mechanical resistance. Implants, replacement of
properties. tissues, eye lenses, Sutures,
artificial tendons.
Metals Ductility, high Mechanical Low biocompatibility and Joint prostheses, dental
resistance, low friction, low cost | resistance to corrosion in implants.
physiological environment,
mechanical properties are
different from biological tissues.
Bio- Inert, corrosion resistant, Difficult to reproduce during Heart valves, implants, knee
composites superior biocompatibility. fabrication. implants and artificial joints.
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APPLICATIONS OF BIOMATERIALS

Bio materials are having numerous pharmaceutical and
medical applications such as for organ regeneration, drug
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delivery, tissue engineering etc. and are shown in figure
3:-
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Figure 3: Applications of biomaterials

DENTAL APPLICATION

Biomaterials have its application in dentistry as well;
materials like resin composites, and titanium alloys, zirconia
etc. are used as dental biomaterials. Dental pulp-like tissues
can be engineered and a complete tooth can be engineered.
Tissue engineering for the tissue replacement by using
cultured cells and seeded them on synthetic extracellular
matrices as a biomaterial can be used. Ultimately it was
found that tooth engineering can be done.3*For root canal
infections biomaterials like chitosan or gelatin for sustained
release of calcium hydroxide was used by formulating the
nanoparticles.35A protein based biomaterial i.e. enamel
matrix derivative was used for the process of periodontal
regeneration. Enamel matrix derivatives are also used to
increase the expression of markers for odontoblasts and
odontoblast-like-cells present in the human dental pulpal
tissue.36Dental tissue regeneration can be done by injectable
biomaterials scaffolds.37By fabricating nanoparticles from
polymeric biomaterials, various dental problems can be
cured.38

ORGAN REGENERATION

Heart- Development of biocompatible cardiac patch was
done by adhering the stem cells to the biomaterials and then
transplanted. It has been reported that cardiomyocytes
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embedded in hydrogel patches shows contractile properties
and mechanical stimulation.3940

Lungs- lungs have been regenerated ex vivo by seeding of
the pulmonary epithelium and vascular endothelium on rat
decellularized scaffolds.*!

Knee- To avoid the aseptic loosening while complete knee
replacement surgery and also to improve the performance of
bone prosthesis system, the two types of ceramic based
functional biomaterials were proposed. Alumina based
functionally graded and zirconia based functionally graded
biomaterials showed good performance.*2

Tracheal graft- Tracheal epithelial graft made from
different biomaterials (HyaluronanPoly(Ethylene Glycol),
Chitosan-Collagen, Collagen Vitrigel Membrane, Fibrin Glue,
Silk Fibroin, and Gelatin) have been developed. This was
beneficial for the airway related diseases.*3

Liver, kidney, airways, tracheal and larynx replacement by
biomaterials can be developed by engineering the organs.**

REGENERATIVE MEDICINES

Regenerative medicines provides as substitute for tissues
lost due to some reasons like disease, trauma or any other
abnormalities.#>Regenerative medicine combines tissue
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engineering and drug delivery, and uses multidisciplinary
principles of medicine, material science and life science to
generate better biological structure and functions of tissues
and organs. Regenerative medicine is for implanting scaffold
materials for regenerating tissues. Cell scaffolds have a
major role because they act as artificial extracellular matrix
and provides a temporary environment to support the cell.46

Biomaterials and regenerative medicine are developing in
urology as well. Regenerative urology was firstly used for
the repair of small urinary tract segments and now has
reached to a level of 3D templates for totally functional
organs.4” Hyaluronic acid is the main component of the brain
extracellular matrix and is used as CNS regenerative
medicines because it has great role in the study and
treatment of CNS disorders. The biological activity and the
chemical modification of hyaluronic acid helps for creating
customized and versatile scaffolds for CNS tissue
engineering and regenerative medicine.48

TISSUE ENGINEERING

Construction of scaffolds is the main step for successful
tissue engineering to occur. The material used for the
construction must be considerable. Different natural as well
as synthetic polymers can be used for the construction of the
scaffolds. Electrically conductive polymers in combination
with some other polymers can be used to apply the electric
fields during tissue engineering and thus results for superior
biological and physiological features.49

Electrospun nanofibers are used in several tissue
engineering fields. Electrospinning is not a technique for
scaffold production but by combining the method with 3D
printing it can be used for the production of electrospun
nanofiber as a biomaterial and it can easily deliver the cell
stimulatory agents.50

Artificial organs are formed by tissue engineering
techniques. For a particular development, biomaterials of
specific form according to the design of material, which
includes the pore size and degradation kinetics, also the
functionalization with cell and tissue specific factors, the
intrinsic factors of the tissue constructs can be controlled to
increase the remodeling and functional outcomes.51

WOUND HEALING

For wound healing, silk grafts were made by using silk as a
biomaterial for healing process. 52 53Different biomaterials
can be used for wound dressings and wound repair by
making nanofibers from electro-spinning method.54It is
proven that biomaterials having antioxidant property can
increase the chronic wound healing property.55-59A bioactive
glass composite biomaterial are used for wound healing
process.60Chitin and chitosan have a great role as a
biomaterial for the wound healing.61By using the graft
copolymerization, magnetic composite hydrogel was
developed for guaifenesin with the help of itaconic acid on
starch and alginic acid in presence of grapheme sheets and
Fe304 nanoparticles and this was useful for wound healing
and drug delivery.62 Protease modulating matrix products

have shown potential for the treatment of chronic wounds.
63

For wound healing, hydrogel acts as a great candidate as
they can form a barrier from the hydrated environment and
the pathogens. Polyvinyl alcohol is generally used for the
fabrication of hydrogel and it shows application for wound
healing.64Calcium alginate hydrogel has provided as a drug
carrier for protamine with neovascularization function in
chronic wounds treatment.65Hyaluronan a polysaccharide is
present in the skin and shows a great use as a hydrogel for
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wound healing. Hyaluronan with chitosan is used for the
delivery of angiogenic promoting growth factor i.e. vascular
endothelial growth factor and its shows antibacterial and
angiogenic activity and will show wound healing.66

DRUG DELIVERY

The expeditious development of science and technology has
led the application of biomaterials in different fields of
biology, physics, chemistry, tissue engineering as well as
medicine.67.68 From last 50 years, Biomaterials have been
researched and used in pharmaceutical drug delivery and
found to enhanced the delivery and effectiveness of many
therapeutic agents along with antibodies, peptides, vaccines
and enzymes.59

An-Yong Cai et. al has reported that biomaterials have a huge
number of advantages and are used for nanocarriers which
have good biocompatibility, good biodegradability, high drug
loading capacity and have pH responsive drug release
performance and therefore used for the delivery of drugs.
The well-designed drug delivery systems by synthetic bio
mineral Nano carriers can help to prevent the prior leakage
of drug and protect the drug from inactivation during the
circulation. Biomineral based nanocarriers are used for the
delivery of chemotherapeutic drugs, genes and proteins.”0

Nanofibrous biomaterials are used for drug delivery because
of their great potential and structural features that are same
to extracellular matrix. Different natural as well as polymeric
materials can be used to make nanofibrous
biomaterials.”'The central nervous system (CNS) depends
on the state of neural cells and also on various extracellular
components which arranges the cellular behaviour into
proper tissue functions. Biomaterials have a crucial role in
regaining or increasing the role of extracellular components
in CNS for the event of injury and disease. Biomaterials are
also used for cell transplantation as well as for the delivery
of proteins or drug.”2

The components derived from extracellular matrix are
emerging as origin of biomaterials for engineering, which
are able to induce desired cell- specific response. Hao Xing et
al have reported the use of various biomaterials that are
derived from naturally available extracellular matrix
proteins for regulating the cell function.”3Marco Corti et al
have developed patches from polyacrylate as a biomaterial
for the transdermal drug delivery through the high internal
phase emulsion technique for the wound healing.’+ Han-
Seong Kim et al have developed atenolol imprinted
polysaccharide biomaterial by using mungbean starch and
polyvinyl alcohol and evaluated them for drug release
behavior.7s

OTHER APPLICATIONS

Nanoscale metal- organic frameworks have a clinical
application for treatment of cancer and also for disease
diagnosis. Thus, multifunctional nanoscale metal organic
framework based nanoplatform was developed for the
diagnosis of Alzheimer’s disease and therapy.’¢Radiation
therapy is used to treat cancer but it has some side effects,
using biomaterials in combination with radiation and
chemotherapy leads to safer and effective delivery of
therapy. Biomaterials have restructured in the field of
diagnostic imaging, and are also transfiguring in the
theranostics, combinational therapy and also tissue
protection.”?

Non-biodegradable biomaterials as hydrogel implants can be
used for enabling the sustained release of anti-vascular
endothelial growth factors and also for having preserved
bioactivity in vivo. Anti-vascular endothelial growth factors
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has now become the most preferable treatment modality for
various retinal diseases.’8 Poly-dopamine/Hyaluronic acid
coatings were prepared on the NaOH passivated Mg-Zn-Y-Nd
alloy for the application as cardiovascular implants.”9
Cryogel/hydrogel biomaterials have shown functional
effects of absorption, immunomodulation and antimicrobial
activity to the diabetic skin wounds.80

CONCLUSION:

Biomaterials can be the multidisciplinary of all the fields.
Since its inception, they have been showing great application
in medical and pharmaceutical field. Different types of
biomaterials are used for specific purpose in the body.
Several biomaterials are used as implants to mimic the
structure and function of tissues/organs, organ
regeneration, tissue engineering, wound healing, diagnosis
of diseases and treatment, and delivery of drugs. Recently
biomaterials are showing application in urology and cell
regeneration as well. Different drug delivery scaffolds, nano-
carriers are exhibiting a great role for the delivery of drugs.
Biomaterials are emerging a substantial role in the
pharmaceutical and medical field.
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