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BIOMATERIALS IN BIOMEDICAL DEVICES
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Abstract

Biomaterials play a critical role in the development of biomedical devices, offering unique properties and
functionalities that enable the creation of devices with improved safety, efficiency, and performance. This
review paper discusses the synthesis methods, mechanical properties and performance of biomaterials, surface
modification and coatings, and regulatory considerations for their use in medical devices. This review paper
explores the various applications of biomaterials in biomedical devices, including drug delivery systems, tissue
engineering, bone grafts, orthopedic implants, medical adhesives, cardiovascular devices, contact lenses, and
wearable sensors. Additionally, the paper addresses future directions and challenges in the field, such as the
use of advanced manufacturing techniques and the need for more comprehensive testing methods. Overall, the
importance of biomaterials in biomedical device development cannot be overstated, and their continued
development and implementation will continue to drive advances in the field of Medicine and improve patient
outcomes.
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Biomaterials In Biomedical Devices

1. Introduction

Biomaterials are materials that are designed and
engineered for use in medical devices and implants
to interact with biological systems. These materials
should have the mechanical and physical qualities
necessary for their intended purpose, as well as be
biocompatible, or not cause the body to react
negatively to them. It's simple to divide
biomaterials into metals, ceramics, polymers, and
composites. These materials have been used to
develop a wide range of biomaterial devices such
as dental implants, joint replacements, artificial
heart valves, pacemakers, drug delivery systems,
and tissue scaffolds [1]. The use of biomaterials in
medical devices has revolutionized the treatment
and management of many diseases and medical
conditions [2]. Biomaterials have played a critical
role in the development of medical devices and
implants, as they can be engineered to interact with
living systems in specific ways [3]. The properties
of biomaterials can be tailored to achieve a wide
range of functions, from mechanical strength and
durability to biodegradability and biocompatibility
[4]. In addition, biomaterials can be designed to
promote the growth of new tissue or to deliver
therapeutic agents to targeted areas of the body.
The selection of biomaterials for biomedical
devices and implants depends on the intended
application and the specific needs of the patient for
example, a patient with a heart condition may
require a biomaterial that is flexible and can
withstand the constant movement of the heart and
a patient with a bone fracture may require a
biomaterial that is strong and can support the
weight of the body for instance, due to their
strength and longevity, metals like titanium and
stainless steel are frequently utilized for orthopedic
implants[5]. Due to their biocompatibility,
ceramics like alumina and zirconia are frequently
utilized in dental implants. and the ability to mimic
the properties of natural teeth. Polymeric
biomaterials are another important class of
materials used in biomedical devices. They can be
designed to have a wide range of properties,
including flexibility, strength, and
biodegradability. Polymers such as polyethylene
and polyurethane are commonly used in vascular
grafts and artificial heart valves due to their ability
to mimic the mechanical properties of natural
tissue [6]. Advances in biomaterials research have
also led to the development of biodegradable
polymers, which can be used to create temporary
implants or drug delivery systems that break down
and are absorbed by the body over time [7]. These
materials have the potential to revolutionize the
treatment of a wide range of medical conditions by
providing targeted and controlled drug delivery.
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One of the key challenges in biomaterials research
is achieving the optimal balance between
biocompatibility and functionality. While it is
essential for biomaterials to be biocompatible,
meaning that they do not provoke an adverse
immune response or toxic reaction, they must also
be able to perform the intended function in the
body. For example, a biomaterial designed to
promote the growth of new tissue must be
biocompatible enough to not cause inflammation
or rejection but also have the necessary chemical
and physical properties to support cell adhesion
and proliferation [8]. Another challenge in
biomaterials research is developing materials that
can integrate seamlessly with the body's natural
tissues and systems. For example, researchers are
exploring the use of materials that can
communicate with the body's immune system,
promoting tissue regeneration and reducing the
risk of infection.

Nanotechnology has also had a significant impact
on the development of biomaterials. For example,
in the case of polymeric nanocarriers deliver bone
growth factor for osseointegration, enhancing
implantation site delivery by slow release delivery
of drugs [9]. Another study shows that a
nanoparticle-based drug delivery system targets
the cancer cell as well as minimizes damage to the
healthy cells [10]. By engineering materials at the
nanoscale, researchers can create materials with
unique properties that can interact with biological
systems in specific ways. Biomaterials also play a
critical role in the development of diagnostic tools
and devices, such as biosensors and imaging agents
[11]. By engineering materials that can interact
with specific biological molecules or structures,
researchers can create highly sensitive and specific
diagnostic tools that can detect disease or monitor
treatment effectiveness.

2. Types of Biomaterials and Their Properties
Biomaterials are synthetic or natural materials that
can be used in medical devices to replace or repair
damaged tissues, improve function, or deliver
therapeutic agents. They are designed to interact
with biological systems, and their properties can
greatly impact their effectiveness in clinical
applications.

2.1 Metals and Alloys

Due to their superior mechanical qualities,
biocompatibility, and corrosion resistance, metals,
and alloys are frequently employed as biomaterials
in medical devices. They are ideal for use in
orthopedic and dental implants, where strength and
durability are critical. Titanium and its alloys are
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widely used in dental implants, hip and knee
replacements, and other orthopedic applications
due to their high strength, low weight, and
excellent biocompatibility [12]. Stainless steel is
also commonly used in medical devices due to its
low cost, corrosion resistance, and high strength

[13]. The following section provides information

on the uses and modifications of this biomaterial.

i. The mechanical properties of metals and alloys
can be tailored by varying their composition
and microstructure. For example, adding
elements such as aluminum, vanadium, or
zirconium to titanium can significantly increase
its strength and corrosion resistance [12].
Additionally, surface treatments such as
sandblasting, acid etching, or plasma spraying
can improve the adhesion of metals to bone and
soft tissues, promoting faster and more effective
integration of the implant into the body [14].

ii. However, the use of metals and alloys in
medical devices is not without challenges.
Some patients may have allergic reactions to
certain metals, and metal ions released from the
implant can cause adverse effects. Additionally,
the stiffness of metals can lead to stress
shielding, where the implant absorbs too much
of the load, resulting in bone resorption and
implant loosening.

Despite these challenges, metals and alloys

continue to be a vital class of biomaterials in

medical devices due to their unique combination of
mechanical, physical, and biological properties.

Ongoing research is focused on improving their

performance and reducing their potential adverse

effects to improve patient outcomes.

2.2 Polymers
Polymers are a diverse class of biomaterials that
are widely used in medical devices due to their
flexibility, low cost, and ease of manufacturing.
They are synthetic materials made up of repeating
units, and their physical and mechanical properties
can be tailored by varying the composition and
processing parameters. The following section
provides information on the uses and modifications
of this biomaterial.

i. The ability of polymers to mirror the
mechanical characteristics of biological tissues
is one of their main benefits, making them
perfect for use in soft tissue substitutes and
wound dressings. Polyethylene, for example, is
commonly used in joint replacements due to its
low friction and wear resistance. Polyurethane
is used in catheters, stents, and other
cardiovascular devices due to its excellent
biocompatibility and low thrombogenicity [15].
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ii. Polymers can also be modified to improve their
functionality and  biocompatibility.  For
example, surface modification techniques such
as plasma treatment or grafting of bioactive
molecules can enhance the adhesion of cells and
tissues to the polymer surface, promoting faster
and more effective integration of the implant
into the body.

However, polymers have some limitations in
medical device applications. They may not have
the same strength and stiffness as metals and
ceramics, limiting their use in load-bearing
applications. Additionally, some polymers may
degrade too quickly, leading to premature failure
of the device. Overall, polymers continue to be a
valuable class of biomaterials in medical devices
due to their unique properties and versatility.
Ongoing research is focused on improving their
performance and biocompatibility to further
expand their use in a wide range of clinical
applications.

2.3 Ceramics
Ceramics are a class of biomaterials that are widely
used in medical devices due to their excellent
biocompatibility, mechanical properties, and
chemical stability [16]. They are inorganic
materials composed of metal or non-metallic
elements that are processed at high temperatures to
form dense, hard, and brittle materials [17]. The
following section provides information on the uses
and modifications of this biomaterial.

i. Ceramics are commonly used in load-bearing
applications, such as hip and knee
replacements, dental implants, and bone
substitutes, due to their excellent strength, wear
resistance, and low coefficient of friction [18].
Hydroxyapatite, a calcium phosphate ceramic,
is particularly suitable for bone replacements
due to its excellent capacity to bind to bone
tissue and be biocompatible [19].

ii. Ceramics can also be modified to improve their
biocompatibility —and functionality.  For
example, surface modifications such as coating
with bioactive molecules or cell-binding
peptides can enhance the adhesion of cells and
tissues to the ceramic surface, promoting faster
and more effective integration of the implant
into the body.

However, ceramics also have some limitations in
medical device applications. They are brittle and
prone to fracture, particularly under high stress or
impact loads. Additionally, they may not have the
same toughness and ductility as metals, making
them more susceptible to damage during
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manufacturing and implantation. Ceramics are a
valuable class of biomaterials in medical devices
due to their unique combination of mechanical,
physical, and biological properties. Ongoing
research is focused on improving their toughness,
fracture resistance, and biocompatibility to further
expand their use in a wide range of clinical
applications.

2.4 Composites
By fusing two or more materials with disparate
properties, composites are a class of biomaterials
that have improved performance qualities.
Composites are widely used in medical devices due
to their ability to provide a balance of mechanical,
physical, and biological properties that cannot be
achieved with a single material. The following
section provides information on the uses and
modifications of this biomaterial.

i. One common type of composite used in medical
devices is the polymer-ceramic composite. The
combination of the polymer's flexibility and the
ceramic's strength and wear resistance can
create a material that is ideal for use in load-
bearing applications, such as hip and knee
replacements [20]. Another type of composite
is the metal-polymer composite, which can
provide enhanced biocompatibility and
corrosion  resistance  while  maintaining
mechanical strength [21].

ii. Composites can also be modified to improve
their functionality and biocompatibility. For
example, nanoparticles or other bioactive
agents can be incorporated into the composite
to promote tissue regeneration and wound
healing [22].

However, the use of composites in medical devices
is not without challenges. The combination of
different materials can lead to delamination or
failure at the interface between the materials.
Additionally, the manufacturing process for
composites can be more complex and expensive
than for single-material devices. Composites
continue to be a valuable class of biomaterials in
medical devices due to their ability to provide
enhanced performance characteristics that cannot
be achieved with a single material. Ongoing
research is focused on developing new composites
and optimizing their properties to further expand
their use in a wide range of clinical applications.

2.5 Natural Biomaterials

Natural biomaterials are materials derived from
biological sources, such as animals, plants, and
microorganisms. They are increasingly used in
medical devices due to their biocompatibility,
biodegradability, and ability to promote tissue
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regeneration and healing [23]. The following

section provides information on the uses and

modifications of this biomaterial.

i. One example of a natural biomaterial is
collagen, Other natural biomaterials include
chitosan, a polysaccharide derived from chitin,
and alginate, a polysaccharide derived from
seaweed. These materials have also shown
promise in tissue engineering applications,
particularly in wound healing and drug delivery
[24].

ii. Natural biomaterials also have the advantage of
being renewable and sustainable, making them
an attractive alternative to synthetic materials.
However, the use of natural biomaterials also
has some challenges. They may have batch-to-
batch variability due to differences in the source
and processing of the material and may require
more complex processing methods than
synthetic materials.

Despite these challenges, natural biomaterials

continue to be a valuable class of biomaterials in

medical devices due to their unique properties and
potential for promoting tissue regeneration and
healing [24]. Ongoing research is focused on
optimizing their properties and developing new
natural biomaterials for use in a wide range of
clinical applications [25].

3. Synthesis of Biomaterials

The synthesis of biomaterials is a crucial and
intricate process that greatly influences their
properties,  functionality, —and  biomedical
applications. Various synthesis methods are
employed to create biomaterials tailored to specific
needs. By carefully selecting the appropriate
synthesis method, researchers can optimize
biomaterials for specific applications, considering
factors such as biocompatibility, biodegradability,
mechanical strength, surface properties, and drug
release kinetics.

There are various methods for the synthesis of
metallic biomaterial. One such method is casting,
where the metal is melted and poured inside the
mould to form a complex structure as required for
medical applications, for example, a 316 L
stainless steel implant [26]. Another effective
method is powder methodology, in which metal
powder is compacted and then sintered resulting in
the formation of lightweight biomaterial which in
turn enhances implant stability for example, in the
fabrication of Ti-6Al-4V implants [12]. The
surface modification  techniques  enhance
biocompatibility and osseointegration like plasma
spraying hydroxyapatite on Co-Cr-Mo alloy [27].
Additionally, machining processes are used to
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ensure the precise dimension for critical medical
applications such as shaping nitinol stents [28].
There are various methods for the synthesis of
ceramic biomaterial. The choice of the synthetic
process entirely depends upon the desired
properties of the ceramic biomaterial. One such
synthesis method is sintering, in this method
compacted powder is heated at a high temperature
which results in the formation of dense and
mechanically robust biomaterial like alumina
ceramics, which holds ideal application in joint
replacements [17]. If the desired material
requirement is bio-compatibility then sol-gel
synthesis can be preferred, as seen in the bioactive
glass in which porous ceramics are synthesized
with controlled porosity and therefore it is best
suitable for bone tissue engineering [29].
Additionally, the electrochemical deposition
method is utilized for coating titanium implants
with hydroxyapatite, which in turn creates a
bioactive layer that enhances osseointegration
[30].

The synthesis methods for polymeric biomaterials
hold a vast array of medical applications. One of
the methods is polymerization, in which monomers
are chemically bonded together to create
crosslinked networks for example in the case of the
production of polyethylene glycol (PEG)
hydrogels. ~ Another  useful  method is
electrospinning in which ultrafine structures with a
high surface area are produced by applying a high
voltage for creating an electric field that draws the
polymer solution in ultrafine fibers for example
polycaprolactone (PCL) nanofibers [31]. Melt
extrusion is another synthesis method, utilized in
making polylactic acid(PLA) filaments, in which
polymer is heated and converted into molten state
and then poured into a die to create shapes [32].
Moreover, 3D printing is an innovative synthetic
method that creates complex geometries and
patient-specific designs for example printing
polyetheretherketone (PEEK) implants [33].
There are various methods for the synthesis of
composite biomaterials. One such method is
mixing and blending, in which various components
of the material are blended together to get a
material of desired properties for example
biodegradable polymer-ceramic composites [34].
Another method is layer-by-layer assembly, in this
method altered layers of different types of material
are deposited on the substrate, as seen in the case
of chitosan-hyaluronic acid coating [35]. Another
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method is the electrospinning method in which
composite nanofibers are created from biopolymer
or polymer by incorporating other nanoparticles or
biomolecules, as seen in the case of collagen-
fibrinogen scaffolds [36]. Electrospun composite is
a very powerful approach as it combines both
electrospinning and composite material as seen in
the case of poly (lactic acid)-poly (glycolic acid)
[21].

A variety of synthesis methods are available for
hydrogel synthesis. One of the methods is physical
crosslinking, in which reversible bonds are formed
by temperature or pH changes for the
encapsulation of cells within the hydrogel matrix,
for example, agarose hydrogels [37]. Another
significant method is chemical crosslinking, where
stable networks are formed using stable covalent
bonds, and their mechanical properties can be
tuned as seen in the case of polyethylene glycol
(PEG) [38]. Enzymatic crosslinking ensures
compatibility and cell viability by utilizing
enzymatic reactions to encourage cross-linking as
seen in gelatin-based hydrogels [23]. Additionally,
self-assembly which is an innovative method as
seen in peptide-based hydrogels incorporates
molecular interactions in order to prepare hydrogel
structures that can be controlled by drug delivery
[39].

A variety of synthesis methods are available for
bioactive materials. The sol-gel technique as seen
in the case of bioactive glass this method involves
the synthesis of porous material which releases
ions and therefore fosters bone regeneration and
supports tissue growth Is one such method [40].
Another method is biomimetic Mineralisation
which  mimics the natural bone material
composition and therefore enhances
osseointegration for example calcium phosphate
coating on titanium implant [41]. Another method
is electrochemical deposition which is one of the
highly valued techniques that can be used for
coating medical devices with bioactive ceramics
just like hydroxyapatite in this following process
there is a formation of a conformal and bioactive
layer on the surface of the device for improved
tissue integration [42]. Another method is
biomolecule incorporation which can be seen in
growth factor-loaded hydrogels. It allows the
growth factor to be released in a controlled manner
which in turn enhances the body’s natural healing
process and is important for tissue repair and its
regeneration [24].
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Table 1: synthesis methods of various biomaterials, their morphology and structure, and biomedical

applications
Type of Synthesis methods Impact on Morphology and Biomedical Applications References
Biomaterial Structure
Metals Casting, machining, Control over implant Orthopedic, dental, 26,12,27,28
powder metallurgy, surface geometry and its implants, trauma fixation
modification fabrication, altering the devices, cardiovascular
surface topography and stents, drug delivery system
chemistry of metallic
biomaterials
Ceramics Sintering, sol-gel Deposition of ceramic Bone grafts, coating for 17,29,30
processing, electrochemical coating with different orthopedic implants,
deposition morphologies, such as biosensors
columnar nanocrystalline,
or porous structure
Polymer Polymerization, Fabrication of complex Tissue engineering 31.32,33
electrospinning, melt architectures, including scaffolds, medical
extrusion, 3D printing porous scaffolds, drug- adhesives, drug-eluting
eluting constructs and devices, organ-on-a-chip
multi-material systems platforms and filtration
membranes
Composite Mixing and blending, Distribution and alignment Tissue engineering, 21,34,35,36
layer-by-layer assembly, of the reinforcing materials ~ controlled release systems,
electrospinning, and within the composite biosensors, bone grafts,
electrospun composite matrix, fabrication of cardiovascular devices
composite fibers with core-
shell, coaxial, or gradient
structures
Hydrogels Physical, chemical, Random and entangled Contact lenses, cartilage 23,37,38,39
enzymatic crosslinking, networks, 3D structures regeneration, cell
self-assembly with controlled pore sizes, encapsulation, 3D
specific enzymatic cleavage bioprinting, drug delivery
sites and encapsulation of systems
cells or bioactive molecules
Bioactive Materials  Sol-gel method, biomimetic Formation of the thin Neural interface, corrosion- 24,40,41,42

mineralization,
electrochemical deposition,
biomolecule incorporation

coating with specific
patterns, gradients, or
complex 3D structures

resistant implants, bone
tissue engineering and drug
delivery systems

4. Mechanical characteristics and functionality
of biomaterials in medical devices

The mechanical properties and performance of
biomaterials in biomedical devices are crucial
factors that determine the success of the device.
The mechanical properties of biomaterials refer to
their ability to withstand mechanical loads without
failure, deformation, or fatigue. The performance
of biomaterials refers to their ability to function as
intended, providing the necessary support,
durability, and biocompatibility required for the
device's purpose.

Several mechanical properties of biomaterials are
critical for their performance in biomedical
devices. These include:

1) Strength: The strength of biomaterials refers to
their ability to withstand applied forces without
fracturing. In biomedical devices, strength is
critical for load-bearing applications, such as
orthopedic implants or dental implants [41].

2) Stiffness: Stiffness refers to the resistance of a
biomaterial to deformation under an applied force
[39]. In biomedical devices, stiffness is crucial for
providing structural support and maintaining the
device's shape.
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3) Toughness: Toughness refers to the ability of a
biomaterial to absorb energy before fracture or
failure. In biomedical devices, toughness is
important for applications that require high impact
resistance or fatigue resistance.
4) Fatigue resistance: A biomaterial's fatigue
resistance is its capacity to tolerate numerous
loading and unloading cycles without breaking
down. In biomedical devices, fatigue resistance is
important for applications that undergo cyclic
loading, such as orthopedic implants or
cardiovascular devices [6].
5) Biocompatibility: Biocompatibility refers to
the ability of a biomaterial to interact with
biological tissues without causing an adverse
reaction  [8]. In  biomedical  devices,
biocompatibility is critical to prevent adverse
tissue reactions and ensure long-term performance.
The selection of biomaterials for biomedical
devices involves careful consideration of these
mechanical properties to ensure optimal device
performance and long-term success. Tensile
testing, compression testing, bending testing, and
fatigue testing are just a few of the testing
techniques that can be used to assess the
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mechanical properties of biomaterials [42]. By
understanding the mechanical properties of
biomaterials, researchers and engineers can
develop and optimize biomedical devices to meet
the specific requirements of the application.

Section A-Research Paper

5. Nanotechnology-Based Biomaterials and its
Characterisation

Due to their distinct characteristics and prospective
uses in biomedical devices, nanotechnology-based
biomaterials have attracted a lot of attention
recently. The synthesis of nanotechnology-based
biomaterials typically involves the following steps:

Selection of

nanomaterial
-4
Surface
Modification
J
-
S Nano-material
Characterization

synthesis

Fig.1 Steps for Synthesis of nanotechnology-based biomaterials

i. Selection of nano-materials: The first and the
most important step of the whole process is the
identification of the appropriate nanomaterial as
it should confer the desired properties, such as
biocompatibility, stability, shape, and size for
specific application. It may include nanofibers,
nanocomposites, nanoparticles, and some other
nanostructures made from ceramics, metals,
polymers, composites, etc.

ii. Surface Modification: Surface modification
and coatings of biomaterials refer to the process
of altering the surface properties of a
biomaterial to improve its performance in
biomedical devices. Surface modification and
coatings can improve the biocompatibility,
bioactivity, and mechanical properties of
biomaterials, making them more suitable for
use in biomedical devices. It includes physical,
chemical, and biological methods that are
discussed below:

e Physical method: Physical methods include

surface roughening, plasma treatment, and ion

beam implantation, which can alter the surface
topography and chemistry of the biomaterial. For
instance, plasma treatment is used in dental

implants to improve biocompatibility by creating a

hydrophilic surface with increased wettability [43].

Eur. Chem. Bull. 2023, 12(Regular Issue 12), 4218 — 4234

e Chemical method: Chemical methods involve
the use of various chemicals to modify the surface
chemistry of the biomaterial, such as the deposition
of thin films or coatings. For example: the
silanization of glass surfaces which results in a
reactive and hydrophobic surface [44].
¢ Biological method: Biological methods include
the use of bio-molecules, such as proteins and
peptides, to modify the surface properties of the
biomaterial to improve its interactions with
biological tissues. Examples are cell coating and
biofunctionalization with proteins or peptides [45].
iii. Nano-material Synthesis: The next step is the
synthesis of nanotechnology-based
biomaterials. This can be done by various
methods like sol-gel synthesis (forms a
suspension of nanoscale particles through
suspension and hydrolysis, for example, silica
nanoparticles that are used in drug delivery
system) [46], chemical vapor
deposition(CVD)(grows thin film on substrate,
for example, graphene results in single layer of
carbon atoms holds aits application in
electronics and biosensors) [47], and
electrospinning(create nanofibrous scaffolds
from the biocompatible polymers with high
surface area and porosity) [48].
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iv. Characterization: After the synthesis is For example, for the determination of the shape
complete, the nanotechnology-based and size of any of the given nanofibers, scanning
biomaterials are characterized to determine electron microscopy (SEM) is used. when CS
their physical, chemical, and biological combines with PVA in a 4:1 mix, it was observed
properties. It involves technologies such as that bead-free nanofibers were produced. It was
transmission electron microscopy, X-ray noted that the dimension distribution of PVA and
diffraction, scanning electron microscopy, and PVA composite nanofiber was quite different i.e.
Fourier transform infrared spectroscopy. when the drugs were added the nanofibers changed

their size distribution.
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Micrograph of 12% PV A and PVA-drug nanofibers.

A. A 12% PVA nanofiber with an average B. A histogram of a 12% PVA-drug nanofiber
diameter of 250 nm.Here uniform and bead-free with an average diameter of 320-350 nm.It shows
fibers are observed. bead-free fibers[49].
12% PVA+ COMPOSITE FIBERS [ PVA COMPOSITE |
A RV T RN -

160 180 200 220 240 260 280
Fiber Diameter(nm)

| [ PVA COMPOSITE DRUG |

12% PVA+ COM
C LN \( ‘
e oy ) ; "~ "‘ 16

12

3

Frequency(%)

o N » o o

120 140 160 180 200 220 240 260 280 300 320
Fiber Diameter(nm)

A surface micrograph of PVA-Composite and PVA-Composite drug nanofibers with 12% PVA.

A. Nanofibers with a diameter of 200-220 nm was B. Histogram of 12% PVA-drug nanofiber blend
observed. Here the beads formed show a uniform exhibited coiled 190 nm fibers. Here no beads were
and bead-free appearance. observed [49].
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v.Application: The potential applications of
nanotechnology-based biomaterials in
biomedical devices are vast and include drug
delivery systems, tissue engineering scaffolds,
biosensors, and diagnostic imaging agents [50].
However, the safety and biocompatibility of
nanotechnology-based biomaterials in vivo are
still under investigation, and there are concerns
about their potential toxicity and long-term
effects on human health [52].

6. Wearable and Implantable Biomaterials-
Based Sensors
Wearable and implantable biomaterials-based
sensors are increasingly being developed and
utilized in healthcare monitoring. These sensors
are capable of continuously monitoring
physiological and biochemical parameters and
transmitting this data wirelessly to healthcare
providers or electronic devices [52]. The use of
biomaterials in wearable and implantable sensors
offers several advantages, including improved
biocompatibility, reduced risk of infection, and
increased device durability.

i. Wearable sensors typically consist of a small,
lightweight device that is attached to the skin or
clothing and can monitor a range of
physiological parameters, such as heart rate,
blood pressure, and temperature [53]. These
sensors may also be capable of tracking
physical activity, sleep patterns, and other
health-related  behaviors. The use of
biomaterials in wearable sensors can improve
comfort and reduce the risk of skin irritation or
allergic reactions.

ii. Implantable sensors are designed to be placed
inside the body and can monitor a range of
physiological and biochemical parameters,
such as blood glucose levels, oxygen saturation,
and pH. These sensors are often used to monitor
chronic conditions, such as diabetes, and can
help patients manage their condition more
effectively [54]. The use of biomaterials in
implantable Sensors can improve
biocompatibility and reduce the risk of
inflammation or rejection.

Biomaterials-based sensors can be designed to be
biodegradable, which can reduce the risk of long-
term adverse effects associated with implanted
devices. They can also be coated with bioactive
materials, such as growth factors or antibiotics, to
enhance tissue integration or prevent infection.

Overall, wearable and implantable biomaterials-

based sensors offer significant potential for

improving healthcare monitoring and
management. The use of biomaterials can enhance
biocompatibility, improve device durability, and
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enable the development of innovative sensor
designs. As this field continues to evolve, we can
expect to see further advancements in the
development and application of biomaterials-based
sensors in healthcare [55].

7. 3D Printing and Additive Manufacturing of
Biomaterials-Based Biomedical Devices
3D printing and additive manufacturing are rapidly
advancing technologies that have revolutionized
the field of biomaterials-based biomedical devices.
This technology involves the layer-by-layer
deposition of materials to create complex
structures with precise geometries and properties.
3D printing and additive manufacturing of
biomaterials-based biomedical devices offer
several advantages, including customization,
precision, and efficiency.

i. One significant advantage of 3D printing and
additive manufacturing is the ability to create
patient-specific devices [56]. This approach
allows for personalized treatment and improved
patient outcomes. For example, using 3D
printing, medical professionals can create
customized implants that fit perfectly into a
patient's unique anatomy.

ii. Another benefit is the capability to build
intricate geometries that are impossible to
produce using conventional production
methods. This allows for the creation of more
intricate and precise devices, such as scaffolds
for tissue engineering and microfluidic devices
for drug delivery [57].

iii. Additionally, 3D printing and additive
manufacturing can reduce material waste and
production time. This can lead to more cost-
effective  and  efficient  manufacturing
processes. Biomaterials-based 3D printing and
additive manufacturing also offer exciting
possibilities for drug delivery systems [58]. By
incorporating drug-loaded nanoparticles into
3D-printed structures, a controlled and
sustained drug release can be achieved. This
approach could potentially improve the efficacy
of current drug therapies and reduce side
effects. However, several challenges need to be
addressed before 3D printing and additive
manufacturing can be widely wused in
biomaterials-based biomedical devices. These
challenges include improving the
biocompatibility and mechanical properties of
the printed materials, optimizing the printing
parameters for various biomaterials, and
ensuring regulatory compliance.

Despite these challenges, 3D printing and additive

manufacturing offer significant potential for the
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development of biomaterials-based biomedical
devices.

8. Biomaterial-based drug delivery systems for
biomedical devices
Drug delivery systems based on biomaterials are
being developed and utilized in biomedical devices
to improve the efficacy and safety of drug
therapies. These systems can be designed to
provide controlled and sustained drug release,
targeted delivery, and protection of drugs from
degradation.
Biomaterials-based drug delivery systems can be
classified into several categories, including
polymer-based, lipid-based, and hydrogel-based
systems. Each of these systems has unique
properties and advantages, and the choice of
system depends on the specific drug and delivery
requirements.

i. Biodegradable polymers like poly (ethylene
glycol) (PEG) and poly(lactic-co-glycolic acid)
(PLGA) are among the most popular polymer-
based drug delivery technologies[59]. These
systems can provide sustained drug release over
extended periods and can be formulated as
injectables, implants, or films for topical or oral
administration.

ii. Lipid-based drug delivery methods, such as
liposomes, solid lipid nanoparticles (SLNSs),
and nanostructured lipid carriers (NLCs), are
frequently used for hydrophobic medicines
[60]. These systems can improve drug
solubility, reduce toxicity, and provide targeted
delivery to specific tissues or cells.
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iii. Drug delivery systems based on hydrogel are
three-dimensional networks of hydrophilic
polymers that have a high-water absorption
capacity [61]. These devices have the ability to
deliver drugs locally and can be designed as
implants or injectables.

iv. Biomaterials-based drug delivery systems can
also be combined with other technologies, such
as 3D printing, to create more complex drug
delivery devices. For example, 3D-printed
microneedles coated with  drug-loaded
nanoparticles can provide transdermal drug
delivery with improved efficacy and reduced
side effects [63].

Overall, drug delivery systems based on
biomaterials offer significant potential for
improving the efficacy and safety of drug therapies
in biomedical devices. These systems can provide
controlled and sustained drug release, targeted
delivery, and protection of drugs from degradation.

As this field continues to evolve, we can expect to

see further advancements in the development and

application of biomaterials-based drug delivery

systems [64].

9. Clinical Applications of Biomaterials in
Biomedical Devices

Biomaterials are unique materials that are
specifically designed to interact with biological
systems. They have a wide variety of clinical
applications due to their unigque properties and high
mechanical strength, biocompatibility which
enhances the performance and safety of biomedical
devices.

Table 3 Clinical Applications of Biomaterials

Clinical Description Examples of Devices Advantages Challenges
Application
Implants and Use of biomaterials in joint ~ dental implants, heart High strength, Risk of infection,

Prosthetics replacements, dental
implants, and
cardiovascular devices
Use of biomaterials to

provide a 3D environment

Tissue Engineering
and Regenerative

Scaffolds for bone
and cartilage

biocompatibility implant rejection

Promotion of tissue
regeneration, potential for

Difficulty in
mimicking native

Medicine for cell growth and regeneration personalized medicine tissue structure and
differentiation function
Drug Delivery Use of biomaterials to Polymer-based drug Controlled and sustained Risk of toxicity,
Systems improve the efficacy and carriers, microneedle drug release, targeted limited drug

safety of drug therapies

Wearable and Use of biomaterials in

Implantable healthcare monitoring
Sensors devices
Surgical Use of biomaterials in

Instruments sutures, staples, and clips

Use of biomaterials in
diagnostic devices

Diagnostic Tools

Nanomedicine Use of nanotechnology-
based biomaterials in

various biomedical devices

patches

Continuous glucose

monitoring,

cardiovascular
monitoring
Sutures, surgical
mesh

Biosensors, point-of-

care devices

Nanoparticles for
drug delivery,
nanofibers for tissue
engineering

delivery
Biocompatibility, high
sensitivity and selectivity

Biocompatibility, strength
and flexibility
High sensitivity and
specificity, rapid testing

Enhanced drug delivery
and tissue regeneration,
potential for personalized
medicine

loading capacity
Risk of infection,
device failure

Risk of infection,
tissue reaction
Limited sensitivity
in certain
applications
Risk of toxicity,
limited knowledge
of long-term
effects
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10. Regulatory Considerations for Biomaterials

in Biomedical Devices

The use of biomaterials in biomedical devices is

subject to strict regulatory requirements to ensure

the safety and efficacy of these devices [65]. For
the development and approval of medical devices
made of biomaterials, regulatory organizations like
the European Medicines Agency (EMA) and the

United States Food and Drug Administration

(FDA) have set criteria.

Here are some key regulatory considerations for

biomaterials in biomedical devices

i. Biocompatibility Testing: Biocompatibility is
a critical factor in the development of
biomaterials-based medical devices.
Regulatory  bodies  require  extensive
biocompatibility testing to ensure that the
device materials do not cause any adverse
reactions in the human body. This includes
testing for cytotoxicity, sensitization, irritation,
and systemic toxicity.

ii. Material Characterization: Regulatory bodies
require detailed information on the physical and
chemical properties of the biomaterials used in
medical devices. This includes information on
the composition, structure, molecular weight,
and degradation properties of the biomaterials.

iii. Device Testing: In addition to biocompatibility
testing, regulatory bodies require extensive
device testing to ensure that the device performs
as intended and meets safety and efficacy
requirements. This includes testing for
mechanical properties, durability, sterility, and
packaging integrity.
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iv. Clinical Trials: For certain medical devices,
regulatory bodies require clinical trials to
demonstrate the safety and efficacy of the
device in humans. These trials must follow
strict guidelines and protocols to ensure patient
safety and ethical conduct.

v. Labeling and Instructions for Use:
Regulatory bodies require detailed labeling and
instructions for the use for medical devices.
This includes information on the intended use
of the device, contraindications, warnings, and
precautions.

vi. Post-Market Surveillance: Regulatory bodies
require manufacturers to monitor the safety and
efficacy of their medical devices once they are
on the market. This includes reporting adverse
events and conducting post-market studies to
ensure ongoing safety and efficacy.

Overall, regulatory considerations play a critical
role in the development and approval of
biomaterials-based medical devices. By following
these guidelines, manufacturers can ensure that
their devices are safe, effective, and meet the
highest standards of quality.

11. Emerging Biomaterials for Biomedical
Devices

Emerging biomaterials for biomedical devices
refer to materials that have recently been
developed or are currently being researched for use
in medical devices.

Table 4 Biomaterials with potential applications in biomedical devices

Biomaterial Properties Potential Applications
Graphene Lightweight, strong, highly conductive Biosensors, drug delivery, tissue
engineering
Silk Biocompatible, biodegradable,  tunable Tissue engineering, drug delivery,
mechanical properties implantable device coatings
Metal-organic Highly  porous, large surface area, Drug delivery, imaging

frameworks (MOFs)
Hydrogels

functionalizable

mechanical properties
Nanocellulose

Biodegradable, biocompatible, strong

Highly absorbent, biocompatible, tunable Tissue engineering, drug delivery

Tissue engineering, drug delivery,
wound healing

Biodegradable polymers  Biodegradable, tunable mechanical properties ~ Tissue engineering, drug delivery,

implantable devices

i. One example of an emerging biomaterial is
graphene, a two-dimensional material that is
lightweight, strong, and highly conductive.
Graphene has shown promising results in
applications such as biosensors, drug delivery,
and tissue engineering due to its unique
properties [66].
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ii. Another emerging biomaterial is silk, which has
been used for centuries in textiles but has
recently gained attention for biomedical
applications. Silk is biocompatible,
biodegradable, and has tunable mechanical
properties that can be modified to suit different
applications [67]. It has been used in tissue
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engineering, drug delivery, and as a coating for
implantable devices.

iii. Metal-organic frameworks (MOFs) are also a
new class of biomaterials that have potential
applications in drug delivery and imaging [68].
MOFs are highly porous materials with a large
surface area that can be functionalized to target
specific tissues or molecules.

In addition to these examples, there are many other
emerging biomaterials being developed and
researched, including hydrogels, nitrocellulose,
and biodegradable polymers. These materials have
the potential to revolutionize biomedical device
development and improve patient outcomes.
However, more research is needed to fully
understand their properties and optimize their use
in biomedical applications.

12. Future Directions and Challenges in the
Field of Biomaterials-Based Biomedical Devices
The field of biomaterials-based biomedical devices
is constantly evolving and advancing, with new
materials and technologies being developed to
improve the safety, efficacy, and performance of
medical devices. As we look to the future, there are
several key directions and challenges that are
shaping the field.

i. One major direction is the development of
biomaterials that can interact more closely with
the human body this entails using
biodegradable and bioresorbable substances
that the body may safely absorb, as well as
substances that can replicate the characteristics
of organic tissues and organs [69]. Particularly
in the fields of tissue engineering and
regenerative medicine, these materials have the
potential to significantly enhance the
functionality and safety of medical devices.

ii. Another direction is the process of producing
more sophisticated and individualized medical
equipment using cutting-edge manufacturing
processes, such as 3D printing and additive
manufacturing [70]. These techniques offer
greater precision and control in the
manufacturing process, allowing for the
creation of devices with unique geometries and
properties.

Challenges in the field include the need for more

comprehensive and standardized testing methods

to evaluate the safety and efficacy of biomaterials-

based medical devices. There is also a need for a

greater understanding of how biomaterials interact

with the human body at the cellular and molecular
levels, in order to optimize the performance and
biocompatibility of these devices. In addition,
regulatory considerations remain a key challenge
in the field of biomaterials-based biomedical

Eur. Chem. Bull. 2023, 12(Regular Issue 12), 4218 — 4234
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devices. As new materials and technologies are
developed, regulatory bodies must keep pace with
these changes to ensure that devices are safe and
effective for patients.

Overall, the future of biomaterials-based
biomedical devices is promising, with the potential
to greatly improve patient outcomes and
revolutionize the field of medicine [71]. However,
it will require ongoing innovation, collaboration,
and regulatory oversight to address the challenges
and realize the full potential of these technologies.

Conclusion:

In conclusion, biomaterials play a crucial role in
the development of biomedical devices, offering
unique properties and functionalities that enable
the creation of devices with improved safety,
efficacy, and performance. The use of biomaterials
in medical devices has revolutionized healthcare,
from drug delivery systems and diagnostic sensors
to tissue engineering and regenerative medicine.
Devices made from biomaterials have the potential
to revolutionise patient care by treating a wide
range of illnesses and enhancing the standard of
living for millions of people globally. However,
the development and implementation of
biomaterials-based devices requires a
multidisciplinary approach, involving expertise in
materials science, engineering, biology, and
medicine. Furthermore, regulatory considerations
and safety concerns must be addressed to ensure
that these devices are safe and effective for
patients. Ongoing research, innovation, and
collaboration will be critical in addressing these
challenges and realizing the full potential of
biomaterials in biomedical device development.
Overall, the importance of biomaterials in
biomedical device development cannot be
overstated, and their continued development and
implementation will continue to drive advances in
the field of medicine and improve patient
outcomes.
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