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Abstract siomaterials, designed to interact with living systems, play a vital role in various medical

applications. Classifying these materials effectively is crucial for understanding their properties and
ensuring optimal use. Biomaterials are classified based on their chemical composition, structure, and
properties relevant for biological applications. In this paper five types of Biomaterials classification methods
are given namely. Chemical, Functional, Source of biomaterials, Structural and Smart levels classification.
Each of these five-biomaterial classification method offers unique advantages and disadvantages. Chemical
Classification is simple and well-established method, easy to understand and interpret and provides a basic
framework for material identification. Functional Classification is directly related to the application of the
biomaterial, provides insight into the desired material properties and useful for identifying materials for
specific therapeutic needs. Source-Based Classification is straightforward method based on material origin
and can be useful for initial categorization and understanding general material properties (e.g., natural
materials often biocompatible). Structural Classification provides information about material properties like
strength, degradation, and permeability and can be relevant for understanding biocompatibility and material
performance. Smart Level Classification captures the advanced functionalities of next-generation
biomaterials, provides insights into targeted drug delivery or controlled cell interactions and useful for
identifying materials for specific therapeutic applications. The most suitable method depends on the specific

context and information needs.
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1. INTRODUCTION

S Biomaterials are represent the materials that can be
interaction with biological system to achieve specific function.
Biomaterials classification is crucial due to the diverse
applications of biomaterials in medical devices and implants,
ranging from orthopedic devices to drug delivery
systems[1] [2]. The classification of biomaterials into
categories such as bio-ceramic, polymeric, and metallic is
essential for selecting materials that are biocompatible, bio-
inert, and suitable for specific medical uses [1][3].
Understanding the physicochemical properties of biomaterials,
such as their ability to induce cellular reactions like
multinucleated giant cells (MNGCs), aids in assessing their
integration within host tissues and their suitability for bone and
soft tissue implantations[4] . Moreover, advancements in
biomaterials design aim to minimize adverse biological
responses and enhance tissue regeneration by creating
materials that interact specifically with biological elements and
systems[2] Therefore, biomaterials classification plays a vital
role in ensuring the safety, efficacy, and success of medical
interventions involving biomaterials.

In 2021, Carolina Montoya, redefinition of the term “Smart
Biomaterial” and discusses recent advances in and applications

of smart biomaterials for hard tissue restoration and
regeneration. To clarify the use of the term “smart
biomaterials”, we propose four degrees of smartness according
to the level of interaction of the biomaterials with the bio-
environment and the biological/cellular responses they elicit,
defining these materials as inert, active, responsive, and
autonomous. The paper's final conclusion underscores the
transformative potential of smart biomaterials in shaping the
future of healthcare. By redefining the concept of smartness in
biomaterials and exploring novel applications in tissue
engineering, researchers are paving the way for innovative
treatments that have the power to revolutionize patient care and
improve clinical outcomes.[5]

In 2022, Arjunan, Arun Baroutaji, Ahmad Praveen, Ayyappan
S Robinson, John Wang, Chang , introduces the need for
classifying biomaterials based on their functionalities to aid in
safety, performance, and application selection, accommodating
both traditional and emerging biomaterials .It highlights the
challenges in biomaterial selection due to current classification
methods based on composition, emphasizing the importance of
a functional classification framework for meaningful
categorization .The paper emphasizes the importance of a
functional classification framework for biomaterials to address
challenges in selection, evaluation, and use. Also the
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classification of biomaterials based on their biocompatibility
classes and performance requirements is essential to ensure
their safety and effectiveness in clinical use. Overall, the paper
underscores the need for refined classification systems and
practical reforms focused on biomaterial functionalities to
enhance their clinical utility and regulatory compliance.[6]

This paper showing the methods of classification biomaterials
and literature review about works done in this field. This paper
dependent on different literature review that explain different
method to classify biomaterials. This work has collected
several branches of classification methods for biological
materials and outlined the basic points of each classification.
Smart biomaterials were also clarified, how they are classified,
their importance, and the most important previous literature on
these materials. The applications of smart biomaterials and
their importance in this field were explained. Finally, future
studies were proposed regarding applications for smart
biomaterials.

The main aims of this paper are:
i.  Showing methods of classification of biomaterials

ii. Explain what smart biomaterials is?

2. METHODS OF CLASSIFYING
BIOMATERIALS
S The classification of biomaterials is essential for

understanding their properties, applications, and potential
limitations. The main classification systems for biomaterials:
Chemical Classification, Functional Classification, Source
Classification, Structural Classification, and the newest way to
classified according to level of smartness. In addition to the
four main classification systems described above, there are also
several other classification systems that can be used to
categorize biomaterials. These include classification based on
processing methods, application areas, and regulatory
requirements. The field of biomaterials is constantly evolving,
and new materials with novel properties are being developed
all the time. As a result, the classification systems for
biomaterials are also likely to continue to evolve in the future.

Polymers Biorescrbable

Composite

Classification
of Biomaterials

Chemical Functional Source Structural Smartness
Classification Classification Classification Classification Classification
| | | |

Metals Biocinert MNatural Crystalline Inert
| | | |
Ceramics Bioactive Synthetic Amorphous Active

FPorous Responsive

Autonomous

Figure 1: classification methods

2.1 chemical classification

Biomaterials are classified based on their chemical
composition into different classes such as metal, ceramic,
polymer, and composite materials [1][7] .Metals are primarily
chosen for their mechanical load-bearing properties, while
biopolymers are valued for their flexibility and
biocompatibility, making them excellent options for biosensor
development. Ceramics, polymers, and metallic biomaterials
are extensively used in medical devices and implants, with each
having its own set of advantages and disadvantages, such as

biocompatibility and mechanical properties [1] .The evolving
functionalities of biomaterials are crucial in their classification,
as they are expected to be multifunctional, customizable, and
biologically active, posing challenges in selection, evaluation,
and regulation .

Metals:

Metal is used as biomaterial due to its mechanical qualities and
biocompatibility. Examples of such metals include liquid
metals, titanium alloys, cobalt-chromium alloys, and stainless
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steel. These materials possess properties such as high strength,
ductility, and corrosion resistance, making them suitable for
long-term implanted medical devices. Liquid metals have
unique properties like high thermal and electrical conductivity,
flexibility, and flowability, which makes them suitable for
various biomedical applications, including drug administration,
biosensors, tumor therapy, and bio-imaging. [8].

Ceramics:

Ceramic biomaterials are appropriate for use in biomedical
applications due to their mechanical characteristics, biological
functioning, and biocompatibility [9].  Applications in
dentistry, regenerative medicine, orthopedics, and joint
replacements, including implants for the hip, knee, and
shoulder, as well as dental implants, are central to these fields
[10].Osteogenic ability and bioresorbability are the primary
attributes that should be prioritized and developed for the
regeneration of bone tissue [10] [11]. Bioactive ceramics can
also be used in implants to improve tissue integration and
biological reactions, which emphasizes how crucial it is to
choose materials with the right physical, chemical, and
biological characteristics for efficient body absorption.

Polymers:

Polymeric biomaterials play a crucial role in various
biomedical applications due to their tunable physicochemical

characteristics,  controlled  degradation, and  good
biocompatibility. These materials are versatile building blocks
that can be used in composite materials to enhance tissue repair
and organ functionality in medical implants and
equipment [12][13]. The development of smart polymers,
including shape-changing and shape-memory polymers, has
garnered significant interest in biomedicine, especially for
minimally ~ invasive  surgeries and  antimicrobial
technologies[13] . Multifunctional polymeric nanomaterials
can also be used for drug delivery and tissue engineering.
Overall, Polymeric materials are highly scalable in various
biological fields such as implantable bioelectronics devices,
bio-printing, and soft robotics. [14].

Composite Biomaterials

Composite biomaterials are essential to medical applications,
because it’s proved combination of properties that individual
materials may lack. The composite material consists of
matrices reinforced with particles to achieve strength and
functionality. [15] [16]. Furthermore, composite materials
improved fabrication scaffold with high resistance to
degradation and long-term 3D-structure. this is achieved by the
development of versatile and mechanically tunable composite
biomaterials, that combine natural and synthetic components
[17].
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Figure 2: classification biomaterials according to type of materials

2.2 Functional Classification

Biomaterials can be classified according to tissue response into
bio-inert and bioactive materials, which is very important
because it determines how the implant interacts with
surrounding tissue [18]. Bio-inert materials such as stainless
steel and titanium show minimal interaction with tissues. Bio-

inert relies on mechanical integration and the generation of
fibrous capsules around the implant [18]. Bioactive materials
like hydroxyapatite actively interact with bone tissue. It makes
surface modifications to enhance the formation of a bone-like
layer called carbonate apatite, on their surface [18] . These
materials actively bond with bone, enhancing their
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biocompatibility and biological response, which is essential for
successful tissue repair and integration of implants [19].

Bio-inert Materials:

Bio-inert materials do not provoke an immune response, which
makes them essential for implants intended for long-term
placement inside the body [20]. Assessing biocompatibility
requires understanding how the immune system responds to
biomaterials [21]. The effectiveness and longevity of medical
implants depend largely on the body's immune response, which
can have both pro- and anti-inflammatory effects [22].
Additionally, biomaterials interact with the body's immune
system, so it is important to consider physicochemical aspects
such as size, shape, charge, and biodegradability to modify
immune responses and achieve positive treatment outcomes,
especially in the case of ocular diseases [23].

Bioactive Materials:

When it comes to enhancing tissue growth and adhesion to
bone or other tissues, bioactive materials like (hydroxyapatite,
bioactive glass, and soft biomaterials) are essential.
Advantages of these materials include specific immune
responses,, regulated release of bioactive compounds, and
responsiveness to pH and temperature variations in the
environment [24]. For example, research has demonstrated that
bioactive glasses can hasten skin regeneration, promote
angiogenesis, and help build a calcium-phosphate-like layer on
hard tissues, which in turn promotes bone mending [25].
Furthermore, bioactive particles have been included in zinc-
based composites to customize the rate of zinc corrosion,
showing improved strength and good dispersion of second-
phase particles [26]. Furthermore, research on restorative
materials with bioactive properties for dentin coverage has

shown promising bioactivity potential in various in vitro
studies, highlighting the current trends in bioactive materials
development [27].

Bioresorbable Materials:

Biodegradable electronics, orthopedics, dentistry, and drug
delivery systems are just a few of the several industries that use
bioresorbable materials, which the body gradually breaks
down. [28][28] [29]. These materials provide a considerable
benefit in drug administration and temporary implant
applications since they may degrade and be absorbed by the
body over time. Polymers, ceramics, metals, and intelligent
micro-nano materials are among this class of materials[30][31].

A range of bioresorbable materials has been studied for their
biocompatibility and degradability in the search for ways to
improve medical interventions and minimize their side effects.
Some of these include iron, magnesium alloys, zinc alloys,
gelatin, chitosan, and calcium phosphate. [32][29].
Development of bioresorbable materials and their fabrication
technologies like 3D and 4D printing could benefit the area of
temporary implants as well as drug delivery systems, which can
facilitate the introduction of new medical treatments and body-
implants that would dissolve or disappear from the system, over
time.[31].

The functionality and long-term impact on the body of an
implant application determines the choice of biomaterial to be
used. It is often best to use bioinert materials where there is a
need for stability over a long period compared with alternative
materials that have advantages when it comes to supporting
bone formation and tissue regeneration like bioactive or
bioresorbable ones.[33]

Bioinert

Bioactive
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Figure 3: classification biomaterials according to tissue response

2.3 source of biomaterials

Biomaterials can be divided into categories based on their
origins, i.e. natural or synthetic. There are a lot of investigations

Noor M. S. Mahdi, et al .
https://doi.org/10.36371/port.2024.3.7

2024, Classification Of Biomaterials and Their Applications. Journal port Science Research, 7(3), pp.281-299.


https://doi.org/10.36371/port.2024.3.7
https://www.jport.co/index.php/jport/index
https://www.jport.co/index.php/jport/index
https://portal.issn.org/api/search?search[]=MUST=keyproper,keyqualinf,keytitle,notcanc,notinc,notissn,notissnl,unirsrc=Journal+Port+Science+Research
https://www.jport.co/index.php/jport/peer_review

j. port. sci. res.
ISSN: 2616-7441 (Online)
ISSN: 2616-6232 (Print)

\\
I .\ l ISSN: 2616-7220 (USB)

INTERNATIONAL IDENTIFIER FOR SERIALS

Journal port Science Research

Available online www.jport.co x T
Volume 7, issue 3. 2024

©@®®

that emphasize the importance of classification systems in
diverse areas like domain adaptation in motor imagery EEG-
based brain-computer interfaces. [37] brain source functional
connectivity study [36] environmental protection [35], and
digital security [34][37].

This research employs domain adaption techniques,
hierarchical classification systems and machine learning
algorithms to efficiently classify sources. Highlights of
different strategies employed for categorization with examples
in a variety of Application domains, Deep learning method
used for tiredness detection in EEG & K-nearest neighbor
algorithm based on environmental source apportionment.
Using these techniques, scientists can differentiate between
lab-generated biomaterials and naturally derived ones from
living organisms like plants or animals. Here, a large study
provides complete details which can be exploited in both
understanding and application of features of biomaterials for
various purposes. That is, natural biomaterials are live
organism or their product-induced materials with well-defined
medicinal and diagnostic applications[38][39]. Natural
biomaterials and their applications have been used since the
ancient civilization of Greeks and Romans Natural biomaterials
and their applications have been used since the ancient
civilization of Greeks and Romans [39]. Showing that these
materials are indeed in the wild east of health care applications.
In recent times, there has been a surge in the development of
biomimetic natural biomaterials that mimic extracellular
matrices and present appropriate biochemical and biophysical
cues for tissue engineering as well as regenerative medicine
applications. Showing that these materials are indeed in the
wild east of health care applications. In recent times, there has
been a surge in the development of biomimetic natural
biomaterials that mimic extracellular matrices and present
appropriate biochemical and biophysical cues for tissue
engineering as well as regenerative medicine applications [40].

In addition, it has been reported a high efficacy of moist
bioactive scaffolds for wound care significantly enhancing
healing rates indicating the potential to investigate natural
alternatives in chronic wounds therapy [41]With interesting
perspectives as shown in the present review, these materials
greatly enhance various biomedical applications including but
not limited to self-powered electronics and tissue regeneration
due to their unique benefits of biocompatibility/bioactivity,
scalability/cost-effectiveness[39].

In fact, synthetic biomaterials are not naturally occurring
materials[39]but their applications have become indispensable
in many medical fields such as tissue engineering and drug
delivery. To this same end, synthesis of mucus-inspired (SM)
biomaterials has enhanced the therapeutic efficacy and
controlled deposition of natural immune AMPs like LL37.
Additionally, the creation of synthetic collagen biomaterials
has addressed concerns regarding the purity and safety of
natural collagen. This provides a viable alternative for tissue
engineering purposes [42]. Synthetic biomaterials, designed to
mimic natural structures and characteristics, have the potential
to revolutionize the biomaterials industry. They can offer safer,
more effective, and versatile solutions for various medical
issues, including bone regeneration and wound healing
[[43].Furthermore , the creation of synthetic collagen
biomaterials has addressed concerns regarding the purity and
safety of natural collagen. This provides a viable alternative for
tissue engineering purposes [42]. Synthetic biomaterials,
designed to mimic natural structures and characteristics, have
the potential to revolutionize the biomaterials industry. They
can offer safer, more effective, and versatile solutions for
various medical issues, including bone regeneration and wound
healing [43]

BIOMATERIAS
Synthetic Natural
biomaterials biomaterials

Metals
Polymers

Ceramic
Composite

Figure 4 classification biomaterials according to their origin
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2.4 Structural classification of biomaterials

When classifying biomaterials according to their atomic and
molecular configuration, structural categorization is essential.
Biomaterials can be divided into several types, such as
amorphous materials, which include polymers and glasses, and
crystalline materials, which include metals and ceramics and
have highly organized structures. Porous materials also have
spaces in their structure; examples of these are scaffolds used
in tissue engineering and bone growth. Understanding the
characteristics and behavior of biomaterials is crucial for their
use in a variety of biomedical devices and therapies, and our
classification system helps with that understanding [39].

Crystalline biomaterials have special qualities and functions
because of their highly organized atom and molecular structure.
Biomaterials with organized structures, like those based on silk
fibroin and incorporating crystalline silk fibroin (CSF)[44], are
essential for applications such as tissue regeneration,
medication release, and cell encapsulation. Moreover, the
relationship between liquid crystals (LCs) and biomaterials has
been investigated, emphasizing the inherent LC behavior of
biomaterials such as DNA and cellulose nanocrystals.
Furthermore, studies on disordered crystals highlight the
existence of linked disorder in crystalline materials,
highlighting the possibility of manipulating and taking
advantage of peculiar patterns within these states for functional
responses that are not possible in traditional crystals[45]. Novel
developments in materials science, biotechnology, and
bioengineering are made possible by the comprehension and
manipulation of the ordered groupings of crystalline
biomaterials.

Amorphous biomaterials are different from crystalline
structures in that they do not have a well-defined atomic and
molecular organization. Weak non-covalent interactions from
intrinsic disordered proteins (IDPs) cause the creation of
membraneless organelles (MOs), highlighting the significance
of disordered structures in cellular environments.

[46]. Furthermore, the study of correlated disordered media
emphasizes the difficulty of producing materials without a
regular component arrangement by examining the construction
of structures with controlled spatial correlation. form-changing
materials inspired by nature exhibit programmed form changes
at the microstructural level instead of the molecular scale,
demonstrating the versatility of disordered materials in creating
novel capabilities. These materials show biological
systems[47]. These discoveries underscore the importance of
amorphous biomaterials in a range of applications, from
material manufacture to cellular physiology, where disorder is
essential for enabling particular reactions to external stimuli
and capabilities.

Porous materials are essential in many biomedical applications;
examples of these materials are scaffolds used in tissue
engineering and bone formation. Research has demonstrated
that the integration of decellularized extracellular matrix
(dECM) into scaffolds designed to replicate native bone tissue
improves bone regrowth by imitating its molecular
complexity[48]. These scaffolds can be designed with
anisotropic channels to support the mineral deposition,
differentiation, and proliferation of osteoblast cells—all
essential for the regeneration of bone tissue[48]. Furthermore,
the development of hybrid composite scaffolds with materials
like poly-e-caprolactone (PCL) and silica aerogel has
demonstrated encouraging outcomes in terms of their
mechanical, morphological, and physical qualities, qualifying
them for use in bone tissue engineering applications[49].
Additionally, the development of polymeric porous scaffolds
with various unit cell designs has been made possible by
technological improvements in 3D printing. This allows for
control over residual stresses and dimensional precision, which
is crucial for the quality of the scaffold and its biomechanical
performance in treating bone defects [50].

2.5 smart levels

Another method of categorizing biomaterials is based on their
level of intelligence. In actuality, the most modern
classification methods are represented by the way biomaterials
are categorized. A novel classification scheme for smart
biomaterials is presented in this review, which is predicated on
the materials' level of interaction with the biological
environment and the ensuing biological responses. The primary
emphasis of conventional definitions of smart biomaterials has
been their ability to react to external stimuli. Although this
characteristic is still a defining feature of smart biomaterials, it
is important to acknowledge the wider range of interactions that
these materials can display with their biological environments.
In order to tackle this issue, we put up a hierarchical
classification scheme that groups intelligent biomaterials
according to the extent of their interaction with the biological
milieu and the consequent biological reactions. There are four
levels of intelligence covered by this framework:

Biomaterials that are inert: These materials mainly function as
structural supports and show little interaction with the
surrounding tissue. Alumina, titanium, and stainless steel are a
few examples.

The term "smart" in the context of biomaterials is usually used
to describe materials that may self-adapt, self-sense, and self-
repair by displaying dynamic behavior in response to
environmental cues like pH, temperature, or stress [51] [52].
On the other hand, inert biomaterials are intended to live a
largely passive life in the oral environment, focusing on
biocompatibility, stability, and durability without causing any
reactive interactions [51] . To create bio-inspired materials with
controlled characteristics for applications like tissue
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engineering and drug delivery, the field of biomaterials also
investigates the combination of natural and synthetic polymers.
This shows the potential for developing novel smart materials
that address present limitations and offer advanced
functionalities [53]. Therefore, inert biomaterials play a vital
role in offering a solid and biocompatible base for a variety of
biomedical applications, even though they do not have the
dynamic responsiveness associated with smart materials.
Biomaterials that are active: When certain biological cues or
stimuli are encountered, active biomaterials either release or
absorb chemicals. These substances can reduce inflammation
or encourage the creation of new tissue. Resorbable polymers
and calcium phosphate cements are two examples.

Second-level smart biomaterials are nimble and responsive to
external cues, which enables them to carry out sensing,
controlling, and actuating tasks [52]. Among these biomaterials
are functional composites, which are materials that have been
combined to improve their overall functionality. This allows
the biomaterials to respond to alterations in temperature, pH,
ionic strength, and other conditions to regulate medication
release, cell interactions, and tissue regeneration.[24]. These
biomaterials replicate biological systems by combining
sensors, actuators, and control systems, and they provide
functions like self-healing and synchronization with changes in
the environment [52]. These active biomaterials are important
for a variety of biological applications, such as drug delivery
platforms and tissue engineering for the treatment of disease,
because their design strives to give a dynamic reaction to the
surrounding environment. [24][54]

Biomaterials that are responsive alter their structure or
characteristics in reaction to external stimuli. These
modifications may affect differentiation, proliferation, or
adhesion of cells. Hydrogels and shape-memory polymers are
two examples.
In  biomedical applications, responsive  biomaterials
demonstrate a high degree of intelligence by being sensitive to
different stimuli and reacting appropriately [55]. These
biomaterials have advanced responsiveness, able to react to
multiple stimuli simultaneously, including temperature, light,
magnetic fields, and pH level [55].

Furthermore, under some circumstances, smart materials in the
biomedical domain might degrade under control to release
advantageous ions, emphasizing their dynamic behavior and
their advantages[51]. By increasing the standard for
intelligence, the invention of dual-stimulus-responsive soft
bimorph materials allows for intricately programmed 3D
shape-morphing with wireless stimuli control. These materials
offer flexibility and adaptability for uses in bioengineering,
robotics, and microfluidics [56].

Overall, responsive biomaterials are valuable in the
biomedical field because they can detect and react to different
stimuli. Autonomous biomaterials can independently respond
to complex biological signals by regulating or adapting
themselves. These materials can imitate the dynamic properties
of biological tissues. Although samples are not widely
accessible at the moment, research and development in this area
are ongoing.[5]

Autonomous biomaterials are a new concept that combines
materials science and information technologies. They have
various functions, including feedback systems, actuation, and
sensing. The rise of intelligent items, such as self-governing
biomaterials, has led to the need for an accurate classification
system to effectively assess their levels of intelligence. Recent
research has introduced a 12-level scale to measure smartness,
ranging from traceable-only to fully autonomous and self-
driven objects, to help classify and understand the autonomy
and capability of smart systems [57] .

In addition, advances in autonomous experimentation, driven
by artificial intelligence (Al) and active learning methods, have
facilitated rapid exploration and optimization of complex
material systems such as nanocomposites and metastable
materials [58][59].

Autonomous biomaterials demonstrate innovative concepts
with the potential to work independently and adaptively. This
brings the usage of smart materials in scientific and technical
applications one significant step closer. Autonomous
biomaterials provide self-healing, sensing, actuation,
communication, and other capabilities. These are critical for the
development of medical technology and have a positive impact
on tissue engineering and regenerative medicine. [59][60][61].

These materials have made significant strides in recent years
and are crucial for tissue regeneration, minimally invasive
operations, and the creation of structures that can directly
connect with tissues—all of which will enhance people's
health[60][59].

The incorporation of autonomous features into biomaterials not
only enhances their mechanical and biological properties but
also creates opportunities for innovative medical interventions
such as automated drug delivery systems and robotic-assisted
surgeries, demonstrating the potential of automation and
technology in modern healthcare settings [61][62].

In general, self-governing biomaterials show great promise for
future medical development, providing answers to existing
constraints and propelling developments in regenerative
medicine and other fields.
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Levels of smartness for biomaterials
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Figure 5: classification biomaterials according to increasing levels of smartness for biomaterials include inert, active,
responsive, and autonomous.

Smart materials are Martials that have behavior include
responses to external stimuli such as self-sensing, self-healing,
self-actuating, self-diagnostic and shape changing. Thus, smart
materials can be seen as those which provide a means of
achieving an active “smart” response in a product that would
otherwise be lacking and have the potential to yield a multitude

of enhanced capabilities and functionalities. Examples of the
capabilities of smart materials are as shown in Table I. Note
that these categories are not necessarily mutually exclusive; for
example, self-sensing may be combined with, or initiate, self-
healing or self-diagnostics.[63]

Tablel: Some capabilities of smart materials

Function

Comments

Shape changing

Material changes shape in response to an external stimulus

Self-actuating

Automated actuation in response to an external stimulus

Allows automated detection and sometimes quantification of external stimuli

Self-sensing
Self-diagnostic Allows automated detection of defects. Closely allied to self-sensing
Self-healing Automatic self-repair of damage

3. BIOMATERIAL CLASSIFICATION METHODS
COMPARISON

In practice, biomaterial classification often involves a
combination of these methods for a more comprehensive

understanding of the material. New classification schemes are
emerging to categorize biomaterials based on their degradation
profile, biocompatibility, or specific therapeutic applications.

Noor M. S. Mahdi, et al .
https://doi.org/10.36371/port.2024.3.7

2024, Classification Of Biomaterials and Their Applications. Journal port Science Research, 7(3), pp.281-299.


https://doi.org/10.36371/port.2024.3.7
https://www.jport.co/index.php/jport/index
https://www.jport.co/index.php/jport/index
https://portal.issn.org/api/search?search[]=MUST=keyproper,keyqualinf,keytitle,notcanc,notinc,notissn,notissnl,unirsrc=Journal+Port+Science+Research
https://www.jport.co/index.php/jport/peer_review

' j. port. sci. res.
‘ ISSN: 2616-7441 (Online)
. k ISSN: 2616-6232 (Print)

ISSN: 2616-7220 (USB)
INTERNATIONAL IDENTIFIER FOR SERIALS

Journal port Science Research

Available online www.jport.co y
Volume 7, issue 3. 2024

Table 2: Classification Methods advantage and limitation.

Classification o S
Description Advantages Limitations Examples
Method P d P
Limited information I
e . - Classification of
Classifies biomaterials . about material .
. . Simple and well- - synthetic polymers
based on their chemical - properties and
. . established method. Easy . . (e.g., polyesters,
Chemical composition (e.g., functionality. .
to understand and . : nylons). Grouping
polymers, metals, . Doesn't consider oo
. interpret. . metals (e.g., titanium,
ceramics). material structure or .
. stainless steel).
design.
Classifying
Classifies biomaterials . Doesn't consider the | biomaterials for bone
. Directly, related to the . . .
based on their intended D material's underlying repair (e.g.,
L application of the . :
. function in the body . . . chemistry or hydroxyapatite
Functional . biomaterial. Provides .
(e.g., drug delivery, o . structure. May have | scaffolds). Grouping
- S insight into the desired . .
tissue engineering, . . some overlap biomaterials for
- material properties. . .
implants). between categories. wound healing (e.g.,
collagen dressings).
Limited information Grouping natural
e . . material iomaterials lik
Classifies biomaterials Straightforward method about _ate 2 biomate als e
L - properties or collagen or silk.
based on their origin based on material source. - . e .
Source - L functionality. Classifying synthetic
(e.g., natural, synthetic, Can be useful for initial . . .
1 I Doesn't consider the polymers like
or a combination). categorization. - -
material's chemical polyethylene or
structure or design. silicone.
May require o
yreq Classifying
specialized . - .
e . S . . biomaterials with
Classifies biomaterials Provides information techniques for
- . . . porous structures for
based on their internal about material properties structural analysis . -
. tissue ingrowth.
arrangement of atoms like strength and (e.g., X-ray . : .
Structural . - - Grouping biomaterials
and molecules (e.g., degradation. Can be diffraction). - o
. - with specific crystal
crystalline, amorphous, | relevant for understanding Structural features
. L . - structures for
porous). biocompatibility. might not directly
controlled drug
translate to
Lo release.
functionality.
This is a rapidl L .
sisarap d y Grouping biomaterials
e . Captures the advanced evolving field with -
Classifies biomaterials - - . . that release drugs in
functionalities of next- diverse materials. -
that can respond to - - - e response to a specific
N generation biomaterials. Classification
external stimuli (e.g., S . Lo pH change.
Smart - Provides insights into criteria can be o
temperature, pH, light) . Classifying
- - targeted drug delivery or | complex and depend . .
or biological cues (e.g., o biomaterials that
. controlled cell on the specific .
enzymes, proteins). - . A - degrade in response to
interactions. stimuli-responsive - o
: enzymatic activity.
behavior.

4. APPLICATION OF BIOMATERIALS

Applications for smart biomaterials are numerous and span a
number of industries, including cancer theranostics and
biomedicine. These materials have major benefits in
biomedical technology, such as force measurement for tissue
characterisation and cell analysis, because they can sense and
react to external stimuli [64]. Smart biopolymer chitosan is
unique in that it can form a variety of shapes, such as hydrogels
and nanoparticles, which makes it perfect for use in drug
delivery systems and the healing of wounds in the biomedical
industry. Smart nanomaterials are essential in cancer therapy
because they react to particular stimuli, such as pH or enzymes,
allowing for focused medication administration and
minimizing side effects, all of which improve cancer diagnostic

and treatment results [65][66]. Additionally, smart biomaterial
scaffolds improve wound closure and treatment effectiveness
in diabetic wound management by acting as responsive systems
to the wound microenvironment [67]. These applications show
the versatile nature and promise of smart biomaterials in the
development of medical technology.
In tissue engineering applications, smart biomaterials are
essential because they can respond to external stimuli and carry
out required tasks. These biomaterials, which include alginate
and chitosan, change chemically or physically when exposed to
different conditions, such as pH, temperature, or magnetic
fields [68][53]. The use of stimuli-responsive biomaterials in
3D printing allows for the development of intelligent structures
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with programmable features,
products to new heights [69].

taking tissue engineering

In 3D bioprinting, smart bioinks enable the precise release of
components in response to stimuli, making it easier to create
human bioprinted tissues that closely resemble in vivo
characteristics [70] . Smart biomaterials have the potential to
improve regenerative medicine since they can be used to
improve tissue regeneration, drug delivery, and the creation of
dynamic scaffolds for tissue rejuvenation[53].

Because they react to external stimuli such as magnetic fields,
light, or electric fields, smart scaffold biomaterials are essential
to tissue engineering because they provide targeted therapeutic
delivery and stimulation-induced cellular responses for a
variety of tissues[71][53][72]. Biocompatible polymers, both
synthetic (PLGA, PCL) and natural (collagen, hyaluronic acid),
are used in the construction of these scaffolds to build dynamic
structures that imitate natural tissues and speed up the healing
process[71][53] . Upconversion nanoparticles are one of the
intelligent aspects that may be incorporated to ensure
biocompatibility and efficacy in tissue regeneration. Real-time
monitoring of tissue/scaffold interactions, cell adhesion,
proliferation, and colonization[71] Moreover, the
incorporation of active peptides, including sequences generated
from Transforming Growth Factor-1, amplifies chondrogenic
induction inside the scaffold, encouraging cartilage
regeneration and repair[73]. These developments in smart
scaffold biomaterials present viable answers for tissue
engineering uses, such as the regeneration of muscle, cartilage,
bone, and heart tissue [53][73][74].

Using smart biomaterials is a promising way to improve bone
repair after damage. Innovative technologies that respond to
both internal and external stimuli and provide a regulated
microenvironment that promotes bone healing include smart
hydrogels and bio-piezoelectric scaffolds [75][76] . These
biomaterials can be engineered to display programmed and
variable alterations, facilitating controlled bone regeneration in
both space and time[76]. Furthermore, the creation of adaptable
biomaterials  that react to certain  pathological
microenvironments or external physical stimuli has
demonstrated significant promise in bone therapy and
regeneration, providing a means of treating bone abnormalities
in conjunction with malignancies, infections, or other bone
illnesses[77] . Through the incorporation of these cutting-edge
materials into applications for bone tissue engineering,
scientists hope to develop cutting-edge approaches that
replicate the architecture of bone tissue and improve bioactivity
for successful bone regeneration [78].

5. FUTURE STUDYING

The future of biomaterial classification using the five methods
(chemical, functional, source, structural, and smart) is likely to
see advancements in several areas:

5.1 Integration and Automation:

Combined Classification Systems:

We might see the development of integrated classification
systems that combine information from all five methods to
create a more comprehensive biomaterial profile. This could
involve machine learning algorithms that analyze data from
various sources (spectral analysis, microscopy images, material
properties) and automatically assign classifications across
different categories.

Standardized Databases:

Classification could become more automated with
standardized databases containing detailed information about
existing biomaterials categorized using all five methods. This
would allow researchers to quickly identify materials with
desired properties for specific applications.

5.2 Evolving Classification Schemes:

The future of biomaterial science may lead to the emergence of
new classification schemes, reflecting the increasing
complexity of materials. These classifications might be based
on imperfection characteristics, such as the distribution of the
material's breakdown in the body, as well as the material's
compatibility with live tissue, known as biocompatibility.
Additionally, classifications could be based on the specific
diseases or conditions that the material is meant to address for
therapeutic use. The classification of a substance may also
become more dynamic, adapting to its biological environment.
For example, a biomaterial initially categorized as "inert"
(chemically inactive) may later be reclassified as
"immunomodulatory" (influencing the immune system) based
on its documented effects on the body.

5.3 Convergence with Other Fields:

Materials informatics involves the application of data science
and machine learning to expedite the creation of new materials.
By combining biomaterial classification data with materials
informatics tools, researchers can design new biomaterials with
specific tailored properties. As nanotechnology and bioprinting
continue to advance, biomaterials with complex structures and
functionalities will emerge. This will require modification of
categorization techniques to account for the unique
characteristics of these materials.

5.4 Focus on Functionality and Personalization:

"Function-Driven Design: There is a potential shift towards
organizing biomaterials based on how they function within the
body. This could involve creating classification systems that
link specific treatment goals with material characteristics.
Personalized medicine: Classification systems could be
adjusted to consider individual patient needs. For example, a
biomaterial intended for general bone repair could be further
categorized based on its suitability for the bone density or
healing capacity of a specific patient.”

5.5 Classification of Biomaterials using Spectral Methods
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Biomaterials are designed to interact with biological systems.
Spectral methods are used to categorize their structure and
chemical composition, offering powerful tools for analysis [79-
87]. There are various spectrum methods employed in the
analysis of biomaterials, providing information on different
aspects of the material. Techniques such as mixed
transformations,  Fourier  spectroscopy, Wavelet, and
Multiwavelet help identify specific functional groups in the
material's structure, allowing for the distinction of polymer
types, natural materials, and composite biomaterials [88-104].

Raman Spectroscopy: Offers details on the molecular
vibrational modes inside the substance. It can be applied to
determine a material's crystallinity or to identify certain
molecules [105-113].

X-ray photoelectron spectroscopy (XPS): Examines the surface
of the biomaterial to determine the elemental makeup and
electronic states of the atoms. Studying surface alterations or
coatings on biomaterials can benefit from this [114-118].

Once spectral data is obtained, various chemometric techniques
can be used for classification:

Principal Component Analysis (PCA): Minimizes the number
of dimensions in the data while maintaining the majority of the
pertinent details. This can aid in the visualization of clustering
patterns that identify various types of biomaterials [119-121].
K-Nearest Neighbors (KNN): This approach clusters new,
unidentified samples based on how much they resemble
spectral data library biomaterials that have already been studied
[122-123].

Support Vector Machines (SVM): SVM creates a hyperplane
to split different classes of biomaterials in the high-dimensional
spectral data space. This method works well for handling non-
linear relationships between spectral features and material
properties [124-133].

The future classification of biomaterials will largely rely on the
application of new technologies, the integration of data from
various sources, and the identification of practical applications
of these materials to enhance patient care and personalized
treatment. Biomaterials classification is a rapidly evolving field
with diverse approaches. Utilizing chemo-metrics in
combination with conventional spectrum analysis provides a
strong foundation. Both machine learning and deep learning
offer effective solutions for complex classification tasks.
Understanding the advantages and disadvantages of each
method will help researchers determine which approach will
best utilize biomaterials to improve healthcare [134-142].

6. CONCLUSIONS

For various reasons, we utilize five different classification
schemes for biomaterials:

1. Providing a Comprehensive View: Each classification
method offers a unique perspective on the biomaterial. Using

multiple methods helps us gain a deeper understanding of the
material's properties, intended uses, and potential applications.

2. Catering to Diverse Needs: Different classification
techniques are relevant depending on the subject or the stage of
development. Early on, a source-based classification (natural
vs. synthetic) may be useful. Later, when functionality is the
primary concern, understanding the chemical composition
(e.g., polymers for drug administration) becomes essential.

Optimize Material Selection: Scientists and medical
professionals can choose the optimal biomaterial for a specific
application by utilizing various classification approaches. For
example, when it comes to mending broken bones, it's
important to know the source (natural bone transplant), the
composition (porous for cell ingrowth), and the chemical
composition (calcium phosphate for bone integration).

Encourage Standardization and Communication: By using
these classification systems as a common language, producers,
doctors, and researchers can communicate effectively about
biomaterials. This promotes open communication and helps
establish standards for the production and use of materials.
Determine New Research Directions: By employing various
classification techniques to examine current biomaterials,
scientists may be able to spot functional gaps or unrealized
promise in particular material classes. This may result in the
creation of novel biomaterials with enhanced characteristics.

Each of the five classes taken into consideration has specific
limitations. The chemical class may not be sufficiently
informative for advanced biomaterials because it provides little
information about the structure and functionality of materials
and ignores their qualities. Drug delivery materials, for
example, can also be utilized in tissue engineering. The
Functional classes do not take into account the underlying
chemistry or structure of the material and may have some
overlap within categories. The source of biomaterials classes
may not be applicable to biomaterials obtained from a
combination of sources, offers little information about
particular features or functionalities, and disregards the
chemical structure or design of the material The structural
properties of the structural classes could not correspond
directly to functioning (for example, good cell ingrowth is not
always ensured by a porous structure), and they might require
specific techniques for structural examination (such as X-ray
diffraction). Lastly, the categorization of Smart Levels is a
quickly developing field with a variety of materials, making
classification complex and requiring precise classification
criteria based on the material's response to different stimuli.
The best approach will vary depending on this investigation,
the particular environment, and the information requirements.
Here's a broad summary:

First Classification: Chemical or source-based classifications
might serve as a foundation.
Functional Needs: Functional classification is essential for
some applications.
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Understanding Properties: To comprehend the behavior of ~ elements of it. The classification of biomaterials is an ever-

Lastly, for a biomaterial to be used as effectively as possible in
a biological setting, it is essential to comprehend several

materials, structural analysis is necessary. evolving field that uses a variety of methods. A strong basis is
provided by chemo-metrics in conjunction with traditional
spectral analysis. For difficult categorization jobs, deep
learning and machine learning provide effective methods. One
can select the most effective strategy to unleash the potential of
biomaterials for improving medical care by being aware of the
advantages and disadvantages of each technique.

Advanced Materials: For materials with intricate
functionality, use smart level classification.
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