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Biomaterials perform an indispensable role in modern medicine as medical devices fabricated by biomaterials are
regularly utilized to restore the natural function and promotes healing process after damage or disease. The
advancement of biomaterials is an emerging technology and rapidly progressive to address the continually-growing
needs in healthcare and medicinal treatments. From first historic use of  biomaterials as sutures from animal sinew,
there is several folds increase its application due to consistent progression of biomaterials towards the degree of
interaction with physiological environment. Three generation of biomaterials are clearly identified by their interaction
with the host tissue and marked as bioinert, bioactive & bioresorbable. Present directions of biomaterials are mainly
concerned in disease treatments including controlled and targeted drug delivery and cancer immunotherapy, are
additionally marked. Thus, modern biomaterials combine medicine, biology, physics, and chemistry to address the
challenges faced by biomaterials during its application in medical field and recently influences come from tissue
engineering and regenerative medicine. This chapter is focused on the journey of biomaterials from bioinert to
bio-functional materials as per the demands of the medical science as well as describe the future trends of
biomaterials in modern medicine.
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Introduction
In today’s world, healthcare needs constant changing in terms of
evolution. Due to advancement of biomaterials science life
expectancy of people will increases remarkably as they provide
necessary support in patient health [1,2]. Extended life should
aim to be an improvement in life trait, both in terms of wellness
and cost effective. Well-being is more than happiness and life
satisfaction: a multidimensional analysis of 21 countries [3].
Therefore, biomaterials research and their continuous development
can fulfil our dream and provide the right solutions. There is a
stable demand for biomaterials not only for repairing large sections
of disorders on hard and soft tissues but also replace the damaged
or diseased tissues like bone, teeth, cartilage etc [4]. So, biomaterials
play an intrinsic portrayal in present-day medicine i.e., reassuring
action and promotes healing for people after injury or disease.

Biomaterial is either originated naturally or man-made biomedical
material apart from drug that is used to support, augment, repair
or replace the diseased or damaged tissue, organ to restore body’s

function in secure, stable, cost-effective, and physiologically bearable
manner [5,6]. In addition, these materials can touch with body
fluids and host tissues for prolong time without creating any
adverse reactions [7]. Alternately, biomaterial is a medical substance
of natural or synthetic origin made of multiple components having
life or not modified to interact with physiological systems for
therapeutic function like treat, strengthen, reconstruct, or supplant
a natural action of damaged/diseased tissue of the body [8].

So, biomaterials are natural or synthetic materials which are designed
to intervene with a biological system without any adverse effect to
the host tissue. They play a vital role by providing a suitable
framework for the cellular procreation, attachment, and growth,
which ultimately guide towards the development of new tissue
that subsequently helps to restore the functional aspects in a body
after injury or damage [9]. All these properties of biomaterials are
the probable reasons why they have been used in assisting healing
applications, promote tissue function and rectify abnormalities
within the system.

Biomaterial improve the attribute of human life by playing a pivotal
role in present-day medicine on continuously increasing number
of populations every year with thriving demands on biomaterials
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for better wellness to an older people by supporting, regaining
task, and promotes healing mechanism for population having
complications or diseases [10]. The first antique use of biomaterials
as suture material which was made by ancient Egyptians from animal
sinew. There is tremendous demand of  biomaterials to repair and
replaces hard tissues like bone, teeth etc, and collagen rich tissues
such as skin, blood vessels etc as population ages and their life
expectancy increases day by day [11]. The intention of biomaterial
exploration is consummate with suitable mixed up of chemical
and physical behaviours that mimicked with tissues recouped with
minimal adverse response in the host [12,13].

There is enormous application of such research includes limb and
joints replacements, artificial skin, contact lenses, artificial teeth,
and dentures etc. Developing such medical materials to replace the
ailing tissues extends the life expectancy of aged people and improve
the quality of human beings by aesthetic manners [14,15]. The
contemporary field of biomaterials incorporates medicine along
with biology, physics & chemistry and later repercussion came from
tissue fabrication and regenerative medicine respectively [16]. The
space of biomaterials has grown substantially in the past decade
due to exploration of tissue engineering as well as regenerative
medicine and many others.

Evolution of Biomaterials
The ancient application of biomaterials includes binding of loose
teeth with gold suture which create an artificial one around the
neighbouring teeth [17,18]. After several thousand years later, bone
plates made of stainless steel were successfully executed in the early
1900’s to stabilise bone fractures and to accelerate their healing.
While by the time of  the 1950’s to 60’s, blood vessel replacement
was in clinical trials and artificial heart valves and hip joints were in
development [19]. Initially, autografts and allografts were considered
as the gold source of biomaterials for hard and soft tissue substitute
but these are not ideal because the rejection response from host
immune system due biocompatibility mismatch, awful pain, and
chance of infection [20,21]. While application, autologous grafts
exhibit a remarkable bone resorption before reconstruction and
allografts conferred noticeable possibility of infection and immune
repudiation during implantation due to the transmission of
contagious diseases [22,23]. These so-called problems associated
with application of natural biomaterials in hard tissue replacement
makes the space for searching a source of alternative biomaterials
i.e., synthetic biomaterials [24,25].

Biomaterial applications have evolved through three generations.
On evolution, progressive biomaterial generations are varied due
to intricacy and their proficiency to combine with or adapt the
physiological surroundings in the host tissue [26,27]. These
biomaterials are convenient in the innate ambience of the host
structure and used solely for restoration of organs [28]. Three
distinct generations of biomaterials are clearly marked based on the
behaviour that shown in figure 1.

First generation of biomaterials
The journey of such biomaterials begins in the years 1950s and
continued until achievement of a favourable combination of
functional behaviours that could mimic the properties of the
recouped tissue without mischievous reaction by the owner [29].
Due to bioinert nature and considerable biocompatibility, the
suitable combination of physical properties is effective and
particular to the desired clinical application [30]. In between 1960’s
and 1970’s, this class of  materials was specifically designed and
developed for internal use as prostheses which considered as the
base for biomaterials research [31]. Professor Bonfield was first
scientist to recognize the pioneering efforts to understand the
relevance of mechanical behaviour of hard tissues, principally bone,
to find out suitable skeletal prostheses [32]. Primary objective of
each previous biomaterial development was to ‘accomplish a
satisfactory combination of physical properties which resembles
the function of those reinstate tissue with minimal conflicting
effect in the host environment’, so bioinert or nearly inactive
materials were used to diminish the chances of corrosion as well as
releasing ions and particles after implantation for minimal immune
response and foreign body reaction [33].

From beginning to 1980s, more than 50 different prostheses
fabricated from 40 distinct materials were implanted for clinical use.
During this period, as many as three million prosthetic parts were
being inserted in patient body globally per year. Most of the materials
used in the body were single-phase and biologically inert and they
are considered from commercially available materials of high purity
to eradicate the release of toxic by-products and minimize corrosion
[34]. With the help of such implants made of inert biomaterials,
more than ten million people have enhanced their trait of life for
25 years or more. Stainless steel, Co-Cr alloys, Ti & its alloys
(Biometal); alumina & airconia (ceramics) and silicone rubber, acrylic
resins (polymers) are the common examples of first-generation
biomaterials.

Second generation of biomaterials
Origination of such biomaterials was designed in the 1980s to
encourage a reasonable outcome within the tissues where such
biomaterials were confined in order to engender a proper therapeutic
response [35]. Bioactive materials like bio-glasses and calcium
phosphate ceramics were used in a controlled, localized drug-release
manner to orthopaedic and dental surgeries (e.g., drug-eluting
cardiac stents used to limit restenosis followed by balloon
angioplasty) [36,37]. This class of biomaterials also comprised with
advanced biodegradable materials, with controlled rate of
absorption which could be customized for requirements of a
convenient utilization.

Second generation of biomedical materials utilizing the principles
of bioactive materials i.e., competence to combine with the host
surroundings to augment the biological reaction as well as tissue/
material bonding’ and behaviour of resorbable biomaterials that
has the capability to degrade with advanced tissue regeneration and
ultimately rejuvenate [38]. Thus, the specific implant/ host tissue
could be erased by proper tissue/implant bonding due to the

Figure 1: Different generation according to behaviour
of biomaterials



270

S. Bag, D. Mandal  / Trends Biomater. Artif. Organs, 39(3), 268-278 (2025)

dissolution of foreign biomaterial within the system and ultimately
degraded as nontoxic products by the host [39,40]. Illustrations
for these generation of biomaterials include bioactive metals
(Bioactive ceramic coated inert metal and/or chemically modified
metal surface to induce proteins and cell adhesion and thus, secure
tissue/material interactions); bio-ceramics (Bioglass ceramics and
calcium phosphate ceramics); biodegradable polymers of synthetic
and natural sources like poly-glycolic acid (PGA), poly-lactic acid
(PLA) etc.

Third generation of biomaterials
The advancement of biomaterials development in this generation
is mainly focuses on inspiring the regeneration of useful tissue in
damaged soft tissue organs like urinary bladders, skin, corneal
epithelium, and cartilage of living system [41]. These types of
biomaterials exhibit a crucial nature in the briskly growing area of
tissue engineering & regenerative medicine and act as a set of
mechanisms at the interface between biomedical and engineering
sciences which utilizes living cells to assist tissue construction or
regeneration and ultimately create therapeutic or diagnostic benefit
[42,43]. For example, cells are implanted on a porous 3D structure
made of bioresorbable polymers in desired shape of engineered
tissue that matured externally and adhered to cells. The newly build
up tissue is implanted as prosthesis in a relevant anatomical site
[44].

In these biomaterial generation, bioactive and biodegredable
materials are used as interim 3D framework that can stimulate
genes to trigger the regeneration of  living tissue. The concept of
combining effect of bioactivity and resorbability is the unique
feature of this generation of biomaterials [45, 46]. Apart from
bioactive, resorbable polymer and ceramics, only one metal has the
ability to develop of porous structures i.e., Ti and its alloys.

Biomaterials Classifications
A biomaterial is a material that is entirely different from a biological
materials and has been fabricated to act with biological constitutions
in physiological environment for a medical function. So, functions
of biomaterials is in close connection with living tissue and may
replace a certain parts of a living system to reinforce, repair, or
regain body function. The operations of biomaterials in the
healthcare sectors have remarkably changed with the advancement
of material science and technology [47].

Biomaterials can be categorized in various ways but they are mainly
classified according to material properties and tissue response. The
classification of Biomaterials is shown in figure 2.

According to origin, implantable biomaterials are of two types
such as (figure 3) natural and synthetic biomaterials.

Natural biomaterials
This material is also known as biological material derived from
living sources such as plants, animals, bacteria, and other
microorganisms. Natural biomaterials are broadly categorized into
three main non-exclusive groups based on their source such as –
Plant, Animal and Microbial [48].

Synthetic biomaterials
Biomedical materials i.e., primarily engineered material fabricated
in the lab and one of the prime examples being polymers derived
from petroleum based on a synthetic route [49]. These types of
materials are also divided as Biodegradable and Biostable depending
on their degradation rate after implantation.

Based on material properties, synthetic biomaterials are classified
into four distinct groups such as ceramic biomaterial, metallic
biomaterial, polymeric biomaterial, and composite biomaterial [50].
Each of these types is described below

(a) Bioceramic biomaterials

Bioceramics is a class of non-metal structure that fabricated through
sintering of inorganic compounds viz. metal oxides in complex
mixture where covalent and/or ionic bonds are formed between
non-metallic and metallic elements which is used for repairing or
replacing damaged bone tissues [51,52]. Both the bonds between
the ceramic elements create them hard, stiff, breakable, chemically
stable and wear resistance which in turn make them highly
biocompatible [53]. It has several advantages includes high
biocompatibility and bioactivity, excellent compressive strength,
corrosion resistant, minimal stress shielding, no disease
transmission, and good reliability [54].

The major drawbacks are low fracture toughness and less strength
in tension and brittle nature of such materials, which restricts them
in load-bearing applications [55].

Bio-ceramic is considered as an alternate material to metallic
biomaterials as it induces a strong bonding with bone and it plays
a decisive role in the regeneration of hard tissue because it can
precisely attach with the surrounding tissue, either by supporting
tissue growth or persuasive brand-new tissue regeneration for
bioactive ceramics [56]. Although various category of bioceramics
is available in the market but the selection of bioceramics totally
depends on the nature of defects to be repaired (figure 4). The
mechanical property of bioceramics is best suited for varieties of
applications such as reinforcing material, cements, implants etc.Figure 2: Classification of Biomaterials

Figure 3: Biomaterials based on origin
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(a) (b) (c)

(e)

Bioceramic are classified in accordance with the structure, content,
characteristics, and nature.  The advanced bio-ceramics will not only
deal with bone repair, but enhances its application area by loaded
with active biomolecules. The name suggests that as a biomaterial,
bioceramics must have several important characteristics like no
inflammatory and allergic reaction, biofunctional, highly compatible
with tissue, non-carcinogenic, and innocuous nature when it
implanted in the recipient’s body [57,58].

The common application of bioceramics is in the field of dental
and orthopaedics as implants, surgical cermet’s, and joint
replacements. Coatings with bio-ceramic materials over polymeric
and metallic biomaterials also reduces the wear and inflammatory
responses of the base material [59]. These biomaterials are
categorized into three different groups such as bioinert or non-
absorbable ceramics (alumina and zirconia), semi-inert or surface
and bioactive ceramics (bio-glasses and hydroxyapatite), and
bioresorbable or biodegradable ceramics (calcium phosphates-based

materials). Medical applications of three generation bioceramics is
mentioned below in table 1. In addition, ceramics have been quite
regularly used in dentistry for their nearly inactive behaviours to
body fluids such as saliva, blood and have favourable aesthetic
appearance and outstanding compressive toughness [60-62]. They
are also practiced in pacemakers, dialyzer, respirators, extracorporeal
devices, and modified bioreactors. Presently, bioceramics have shown
extensive medical utilization such as in controlled drug delivery,
gene therapy and cancer immunotherapy.

b) Metallic biomaterials

Metallic biomaterials are the widely accepted material for weight
bearing implants such as hip prosthesis and knee joint replacements
due to superior mechanical behaviour, exceptional erosion resistance
properties, excellent thermal as well as electrical conductivity, good
wear resistance properties, easy to manufacturing and sterilization,
shape memory capabilities etc [63,64]. These kinds of biomaterials
are also widely useful in synthetic heart valves, pacemaker leads and
cardiovascular stents etc. Besides various advantages, they create
some drawbacks on using such biomaterials inside the host body
due to their high modulus, cytotoxic nature, prone to corrosion,
and sensitivity of metal ion [65].

SS 316L, commercially pure titanium (Cp Ti) & its alloys, Co-Cr
alloys, gold, silver, etc. are the most common biomaterials used in
medical fields like cardiovascular, orthopaedic, ophthalmology, and
dental applications. Metals are also used in different forms such as
bone plates, screws, IM pins, IM rods etc. for fracture fixation of
bone and total joint replacements for hips, knees, shoulders, and
ankle joints, cardiovascular surgery, and dental implants, etc. (figure
5) [66].

Apart from pure metals, two or more elements containing metallic
alloys are quite frequently enforced for fabricating medical implants
and devices. These metallic admixtures are usually developed by

Figure 4: Types of Bio-ceramics

Figure 5: Medical applications of metallic biomaterials
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Types of  
Bio-Ceramics Example Medical Application 

Resorbable or 
biodegradable  

Calcium phosphate 
ceramics 

Artificial bones, dentistry, knee & hip joint 
replacement, tendons & ligaments restoration 

Calcium aluminate Materials for dental restoration, orthopaedic 
applications 

Surface reactive or 
bioactive  

Calcium 
Hydroxyapatite 

Filling materials for bone and teeth, bone grafts, 
bioactive coatings over metallic implants 

Bio-glass Bone augmentation and restoration 

Non-absorbable or 
bioinert 

Al2O3 Dental and bone implants, hip prostheses 

Carbon/Graphite Artificial Heart valves, Porous scaffolds for bone 
regeneration, cartilage reconstruction 

Silicon nitride Implants for Spinal fusion  

ZrO2 Hip prosthesis, Dental implants 

Table 1: Types of  Bio-ceramics with Example and Their Medical
Application

Types of Metallic 
Biomaterials 

Medical Applications 

Ti and Its alloys  Pacemaker leads, screws for fracture fixation, 
joint replacement etc. 

SS 316L Cardiovascular stents, bone plates for 
fracture healing, guided wires etc. 

Alloys of Co-Cr  Dental implants & devices, mechanical heart 
valves, diarthrotic joint prosthesis, plates & 
screws for bone fracture fixation etc. 

Table 2: Commonly Used Metallic Biomaterials &
Their Applications

Figure 6: Types and applications of polymeric biomaterials

exterior surface alteration technique using bioactive ceramics coating
and adhering thin polymeric films, or outer layer texturing, thus
augmenting corrosion protection and strengthen the mechanical
properties [67].

Presently, three common metallic biomaterials dominating in the
medical applications such as: bioactive titanium (Ti) or titanium
alloys (Ti-6Al-4V), stainless steel 316L, and alloys of Co-Cr because
their suitable physical and mechanical properties, low cost, high
corrosion resistance, excellent biocompatibility etc. [68]. Table 2
provides the various medical applications of such metallic
biomaterials.



273

S. Bag, D. Mandal  / Trends Biomater. Artif. Organs, 39(3), 268-278 (2025)

c) Polymeric biomaterials

Polymeric biomaterials have replaced the other materials like metal,
ceramics very easily due to their low cost, stability in physiological
environment, easy to fabrication and exceptional corrosion resistance
[69]. This type of biomaterials is either biodegradable or non-
biodegradable polymer from naturally derived polymers and
synthetically prepared polymers. Natural polymers like starch,
collagen, and chitin are derived from plant & animal sources and
periodically used as biomaterials for their biodegradable nature and
reliability [70]. On the other hand, synthetic polymers are universally
accepted endorsed materials for prosthetics, dental surgery,
disposable medical items, and medical implants [71]. The
biopolymeric are used in several medical applications includes
vascular grafts, soft tissue replacements, wound dressing materials,
stitching materials, catheters, stents, ligament & tendon repair, and
mechanical heart valves [72].

Currently polypropylene, polyethylene, polymethylmethacrylate,
Polytetrafluoroethylene, and polyurethane are the most widely used
non-degradable synthetic biopolymers in healthcare for exceptional
physical-mechanical qualities that resembles with the nature of
human soft tissues [73,74]. The biomedical operations of such
biopolymers are shown in table 3.

Polymeric biomaterials are superior to metallic or ceramic
biomaterials for their simple process of fabrication in various forms
like fibre, films, sheets etc. with minimal cost and desired physical
and mechanical properties. Considerable drawbacks of such
polymers are moisture absorption property and protein in the
human body, polymeric surfaces are easily degraded and problematic

towards sterilization, contains leachable components, easily go
through biodegradation, and prone to wear & tear [75,76].

Composite Biomaterials
The term “biocomposite” refers to the composite employed in
biomedical engineering which is combined with two or more
materials having distinct composition or phases, morphological,
and physical properties [77]. Since bones, teeth, cartilage, tendons,
ligaments, skin etc. are of natural composite structures present
within the living system, various synthetic biocomposites are
developed and subsequently utilized to fabricate prosthesis that
able to simulate the tissues by tailoring mechanical behaviour and
able to repair and regain the function of such damaged or diseased
tissues [78]. Advantages of  biocomposites includes good durability,
high biocompatibility. moderate resistant against to wear, corrosion,
fatigue failure, bio-inert, high fracture toughness. Disadvantages
of bio- composites are degradation of interface between
components and water absorption property of polymer composite
reduces the stiffness of the composite [79]. Composite are
universally classified into three different categories based on
reinforcements such as i) particle reinforced, ii) fiber-reinforced and
iii) structural (figure 7).

Major applications of biocomposites include cardiovascular
applications (cardiovascular devices and therapeutic support for
heart and blood vessels), dental applications (restorative materials,
fixed and removable dental prostheses, dental implants, cranial
bone repair), orthopaedic applications (bone fraction fixation
devices, joint prostheses, artificial cartilage) as well as used as
prosthetic pockets [80].

Based on Tissue Response
The body’s immune system is designed in such way that it can
easily identify and target the foreign substances, which are placed in
the body to restore some function or repair damage tissue by any
means and thus they will attack and try to dismantle the substance.
In order to prohibit this mechanism, exclusive materials have been
developed that do not create any unfavourable response from the
host immune system. Therefore, when such advanced material is
incorporated within the human body, tissue response instantly to
the implant in a several ways based on the nature of biomaterials
and the mechanism of tissue/implant interaction is possible
depending on the tissue reaction to the implant surface [81].
Normally, three different designated terms bioinert, bioactive, and
bioresorbable are specified to classify the biomaterials and explain
the tissues responses.

a) Bioinert biomaterials

Bioinert or biologically inert material is a class of biomaterials that
has minimal or no interaction with the surrounding tissue and do

Name of Polymeric Biomaterials Biomedical Uses 
Polypropylene (PP) Hernia correction, membrane for blood oxygenator, 

vascular grafts, bioresorbable sutures 
Polyethylene (PE) Medical implants, pipeline for waste removal, catheters, 

acetabular lining 
Polymethylmethacrylate (PMMA) Artificial crowns, implant fixing cement 

Polytetrafluoroethylene (PTFE) Cardiovascular grafts, mechanical heart valves 

Polyurethane (PU) Wound dressing materials, breast implants, cardiac 
patches, drug delivery carrier, vascular grafts etc. 

Table 3: Biomedical uses of  commonly used synthetic non-
degradable biopolymers

Figure 7: Types of Composites
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not initiate or elicit a response from the host tissue when it
implanted within the living system. This type of materials admits
the bone and surrounding tissues to regenerate and integrate
without creating any adverse tissue response [82]. Generally, a
fibrous capsule might cover the bioinert implants after introduced
in the biological system and thus its biofunctionality fully dependant
on tissue integration through the implant [83]. Examples of such
biomaterials include stainless steel, alumina, zirconia and ultra-
high molecular weight polyethylene etc. are belongs to the category
of biometals, bioceramics and biopolymers. In orthopaedics and
dental application, inert biomaterials are integral component of
implants, bone grafts, prostheses, and gap fillings due to their
osteoconductive and osteogenic properties. These biomaterials can
also have utilized in contact lenses, pacemakers, heart valves,
orthopaedic devices, and many more.

b) Bioactive  biomaterials

Bioactive biomaterial is a kind of material that are easily interact
with the biological tissue such as surrounding bone and sometimes
with the soft tissues thus avoiding the formation of fibrous tissue
layer around the implants [84]. Bioactive biomaterials are fabricated
in such way that extort a precise biological response which restricts
the formation of fibrous layer. This tissue response occurs through
a time dependent kinetic modification of the bioactive surface of
the implant, where an ion-exchange reaction takes place between
the bioactive implant and surrounding body fluids [85, 86]. As a
result, a biologically active carbonate apatite (CHAp) layer is formed
over the implant surface which is chemically and crystallographically
like the mineral content of bone.

Bioactive biomaterials are either naturally derived such as hyaluronic
acid, collagen, gelatine, fibrin, chitosan, silk, alginate, fibrin etc. or
man-made synthetic biomaterials includes bioactive-glass, calcium
phosphate ceramics, hydrogels etc. These biomaterials have active
interaction with the biological environment thus encouraging the
biological response as well as promotes the tissue-implant bonding
[87]. Bioactive biomaterials have wide range of application in medical
device system and also in drug delivery systems. In near future,
application of bioactive biomaterials will lie in the fabrication of
3D bioactive & biodegradable scaffold that have both osteogenic
and angiogenic features [88].

c) Bioresorbable  biomaterials

The term “bioresorbable” materials means biodegradable or
naturally absorbing materials that can broke down easily and readily
absorbed by the body when such material introduced within the
human body to repair or regenerate the damaged tissue [89]. After
implantation, such materials will start to dissolve (i.e., degrade)
and slowly replaced by growing tissue (resorb) thus there is no
need to removed such materials manually. Common examples of
these kind of bioresorbable materials include tricalcium phosphate
[Ca3(PO4)2], bioactive glass, Polyglycolic acid (PGA), Poly-L-lactic
acid (PLLA), polycyanoacrylates, polyanhydrides, polypropylene
fumarate, etc. Primary application of these kind of materials are
bioresorbable stent, biodegradable suture, guided tissue
regeneration, bone grafts etc.

Current Applications of  Biomaterials in Medical
Practice
Since inception, biomaterials are widely used by doctors, researchers,
and bioengineers for different medical applications [90] such as:

• Various medical implants such as cardiovascular implants
(artificial heart valves, cardiac stents, and grafts); joints replacing

implants (hip prosthesis, knee prosthesis) dental implants etc.

• Arrangements to encourage healing of host tissues such as
sutures, Mitchel clips, and staples for wound closing, and
dissolvable dressings.

• Regeneration of host tissues using cells and bioactive
molecules incorporated scaffolds.

• Probes and nanoparticles to aid in cancer imaging and therapy
at the molecular level.

• Biosensors to identify the existence and number of specific
substances and to transmit that data. Examples include blood
glucose monitoring devices and brain activity sensors.

• Drug-delivery systems that administered drugs to a target
disease. For example, drug-eluted vascular stents and
implantable chemotherapy wafers for cancer patients.

Recent Trends in Biomaterials Applications
Due to continuous advancements in science and technology for
biomaterials development, recently the trends of biomaterials
functions have been shifted towards disease treatments such as
drug delivery to the targeted cells, cancer immunotherapy, cell
regeneration and many more [91,92]. Various types of  biomaterials
have been used for such applications which includes polymer-based
biomaterials, lipid-based biomaterials, and inorganic biomaterials.

Polymer-based biomaterials
Hydrogels are widely accepted polymer-based biomaterials that used
in the treatment of  several diseases [93]. Two types of  hydrogels
may exist either naturally or derived synthetically. Chitosan, fibrin,
and alginate are well known examples of natural hydrogels, whereas
poly (vinyl alcohol) is best example of a synthetic hydrogel [94].
Due to their gelation properties, hydrogels can carry DNAs, mRNA,
proteins, and/ or cytokines for specific disease treatments like cancer
immunotherapy and chemotherapy [95]. Furthermore, potential
of hydrogels in clinical application in curing systemic sclerosis and
inflammatory airway disease have been recently investigated and
reported.

Micelles are another promising polymer-based biomaterial suitable
for drug delivery and cancer immunotherapy. For their amphiphilic
nature, micelles can be easily assembled as nanosized particles which
can deliver drugs or chemical agent to draining lymph nodes and
thus endorse systemic drug administration [96].

A recent experiment reveals that polypeptide-based micelles can
regulate the tumour microenvironment and help in inhibiting
tumour cell metastasis. In another study, Ren et al. have also
investigated that micelles can be covalently bonded with chemically
modified short peptide antigens which is suitable for effective drug
delivery towards dendritic cells for potent cellular immune
responses, therefore implying their potential in anti-cancer vaccine
development and encouraging their expedition as a component of
cancer immunotherapy [97]. Fascinatingly, micelles can be used as
transportation system for ligand delivery along with chemotherapy
drugs that has recently grown interest due to substantially increase
in selective immunogenic cell death in triple-negative breast cancer,
an aggressive and deadly breast cancer type that lacks targeted therapy
and has a poor prognosis because of high metastasis.

Lipid-based biomaterials
Liposomes are classic example of lipid-based biomaterials that are
highly prosperous and commonly advertised in various types of
disease treatments [98]. They are rounded vesicles of phospholipid
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bilayers that enclosed different types of therapeutic drugs where
hydrophilic drugs are encapsulated within the central aqueous region,
and hydrophobic drugs are ensnared within the lipid bilayers which
make liposomes an effective biomaterial for several disease
treatments [99].

From 1986, several liposome-based materials have been approved
and permitted for different medical applications includes
chemotherapy drugs delivery for cancer treatments, enveloping
deactivated viruses for vaccination purposes, administering
antibiotics for antimicrobial therapy, executing analgesic drugs for
pain management etc.  [100,101]. Moreover, several investigations
have shown that liposomes might be useful for cancer
immunotherapy as well as nanocarriers of imaging agents for
progressing clinical analysis and treatment. 1n 2021, liposome-based
mRNA vaccines have been developed by Moderna and Pfizer/
BioNTech to combat COVID-19 disease exploring the exceptional
capability of liposomes to provide safeguard to mRNAs against
degeneration by nucleases in the blood circulation and permit the
mRNAs to smoothly invade the cells cytoplasm via endocytosis.

Inorganic Biomaterials
Gold nanoparticles and silica nanoparticles are the advanced
inorganic biomaterials that are extensively investigated for disease
treatments. Gold nanoparticles has been extensively utilized in
disease treatments. According to the investigation of Li et al., the
utilization of gold nanorods in photothermal unit in association
with chemotherapy augments the efficiency of cancer treatment
and modulates the tumour microenvironment [102,103].

Another study in animal model reveals that radioisotope-labeled
gold nanoclusters cede for the activation of dendritic cells followed
by promoting long-term anti-cancer immunity by eliminating
primary tumours and suppressing distant-tumour development
[104]. In addition, when gold nanoparticles are coated with cancer-
specific T-cell receptors, it will aid in effective imaging. As a result,
easy observation of  T-cell migration, distribution, and kinetics under
imaging is possible in a better way [105].

On the other hand, silica nanoparticles show anti-cancer properties
when doped with calcium, magnesium, and zinc particle. These
dopants can boost the CD4+ and CD8+ T-cells in the spleen and
trigger an anti-cancer immune response [106]. Furthermore,
Kakizawa et al.  have reveals that amino acid (specific) coated silica
nanoparticles when incubated with dendritic cells, then ligands will
induce the production of crucial cytokines, such as IL-1 and IFN
[107]. Thus, silica nanoparticles might be act as a carrier for cellular
immunotherapy. In addition, silica nanoparticles have been widely
accepted for formulations of vaccines against bacteria and viruses
such as Mycoplasma hyopneumoniae, hepatitis B, and currently,
SARS-CoV-2.

Smart biomaterials
The concept of “Smart Biomaterials” was first introduced in 2004
to explain the materials behaviour i.e., degree of interaction with
physiological environment which ensuing biological responses to
a specific cellular signal. It can also respond to altered physiological
parameters & external stimuli and extend to impact many aspects
of modern medicine. These materials can promote promising
therapies and improve treatment of debilitating diseases [108].

Smart biomaterials have been rapidly emerging since the concept
of tissue engineering was prospective for tissue repair and
regeneration. Collaborating with human cells, smart biomaterials
can play a key role in novel tissue morphogenesis [109]. Various
aspects of biomaterials utilized in or being sought for the goal of

encouraging bone regeneration, skin graft engineering, and nerve
conduits etc. Smart biomaterials promote triggering or stimulating
effects on cells and tissues by constructing the material’s receptivity
to internal or external stimuli or have intelligently tailored properties
and functions which can encourage tissue repair and regeneration
[110].

The smart material-based path for biomedical applications includes
stem cell incorporated smart scaffolds and smart drug delivery
systems to augment bone regeneration; smart dental materials to
that protect tooth structures by inhibiting acid-producing bacteria;
smart polymers to inflect biofilm species away from a pathogenic
composition and shift towards a healthy composition; and smart
materials to suppress biofilms and avoid drug resistance [111].
Advanced smart biomaterials will bring provocative potential and
encouraging opportunity to substantially boost the hard tissue
engineering and regenerative medicine effectively.

Future Directions of Biomaterials Research
Biomaterials have made a great impact on medicine but still a number
of  challenges are there. To address such objection, three captivating
technologies were suggesting that determines the future directions
for biomaterials on the horizon:

Immuno-modulating biomaterials
Immunomodulation means adjustment in the hosts immune
system by some agents that trigger or inhibit its function. So, it is
an alteration of the immune response to a desired level. The
biomaterials which can cause such changes are known
immunomodulating biomaterials that may help to control the
widespread chronic autoimmune diseases like type 1 diabetes where
the body’s defense shatter the insulin-producing â cells in the
pancreas [112, 113]. Recently material scientists have developed an
injectable, synthetic biomaterial that antipode the type 1 diabetes in
non-obese diabetic mice which is a significant step in developing a
biodegradable platform to control the effects of the disease [114].

Injectable biomaterials
The applications of injectable biomaterials are increasing day by day
for the administering of therapeutic agents like drug, antibiotic,
hormones, and proteins. They overture the opportunity to treat a
few conditions by delivering medicine to the targeted tissues without
consumed by the immune system [115]. Recent advancements of
both synthetic and naturally derived injectable biomaterials are so
encouraging that in near future injectable biomaterials may be used
to treat bone defects, cancer, and heart attacks [116].

Supramolecular biomaterials
Supramolecular biomaterials are a cluster of biomolecules that exceed
the capacity limits of individual molecule. It has an exceptional
potential for both sensing and responding which makes them
ideal materials for correcting injury or disease. Researchers are trying
the fabricate much more interesting supramolecular biomaterials
that can be easily turned on or off in response to physiological cues
or that mimic natural biological signalling [117,118].

Conclusion
Since antiquity, medical materials are mainly applied in healthcare
devices but recently their application has expanded substantially
trough their degree of  sophistication. Currently, in biomaterials
research, the need of bioactive & resorbable materials for repair and
regeneration of hard tissues are actively sought and bring a
considerable interest because biodegradable demeanour permits
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the dodging of a subsequent operation to reduce the discomfort
and expenditure for patients too. Due to their continuous
advancement, modern biomaterials are affluent of message and
integrate biologically active components derived from natural source
for better performance. In future, biomaterials will play much bigger
role in modern medicine and will find accelerated use in a wide
variety of non-medical applications through bio-inspired design
and fusion of dynamic behaviour.

References
1. Bhat S & Kumar A. Biomaterials and bioengineering tomorrow’s

healthcare. Biomatter. 2013; 3(3): e24717 (2013).
2. Dobrzañski LA, Dobrzañska-Danikiewicz AD & Dobrzañski LB. Effect

of Biomedical Materials in the Implementation of a Long and Healthy
Life Policy. Processes 2021, 9(5), 865 (2021).

3. Ruggeri K, Garcia-Garzon E, Maguire A, Matz S & Felicia A. Huppert.
Health and Quality of Life Outcomes. 2020; 18: 1-16 (2020).

4. Amina AR, Laurencin CT & Nukavarapu SP. Bone Tissue Engineering:
Recent Advances and Challenges. Crit Rev Biomed Eng. 2012; 40(5):
363–408 (2012).

5. Todros S, Todesco M & Bagno A. Biomaterials and Their Biomedical
Applications: From Replacement to Regeneration. Processes 2021, 9(11),
1949 (2021).

6. Banigo AT, Iwuji SC & Iheaturu NC. Application of  Biomaterials in
Tissue Engineering: A Review. Journal of  Chemical and Pharmaceutical
Research, 2019, 11(4): 1-16 (2019).

7. Nash AA, Dalziel RG & Fitzgerald JR. Mechanisms of Cell, and Tissue
Damage. Mims’ Pathogenesis of Infectious Disease. 2015: 171–231
(2015).

8. Chen FM and Liu X. Advancing biomaterials of human origin for tissue
engineering. Prog Polym Sci. 2016 Feb 1; 53: 86–168 (2016).

9. Tang G, Liu Z, Liu Y, Yu J, Wang X, Tan Z & Ye X. Recent Trends in the
Development of Bone Regenerative Biomaterials. Frontiers in Cell
and Developmental Biology. 2021; 9: 665813 (2021).

10. Fakoya AOJ, Otohinoyi DA & Yusuf  J. Current Trends in Biomaterial
Utilization for Cardiopulmonary System Regeneration. Stem Cells Int.
3123961 (2018).

11. Zhang K, Wang S, Zhou C, Cheng L, Gao X, Xie X, Sun J, Wang H, Weir
MD, Reynolds MA, Zhang N, Bai Y & Xu HHK.  Advanced smart
biomaterials and constructs for hard tissue engineering and
regeneration. Bone Research,  6; 31 (2018).

12. Morais JM, Papadimitrakopoulos F & Burgess DJ. Biomaterials/Tissue
Interactions: Possible Solutions to Overcome Foreign Body Response.
AAPS J.; 12(2): 188–196 (2010).

13. Mitragotri S & Lahann J. Physical approaches to biomaterial design. Nat
Mater.; 8(1): 15–23 (2009).

14. Crimmins EM. Lifespan and Healthspan: Past, Present, and Promise.
Gerontologist; 55(6): 901–911 (2015).

15. Brown GC. Living too long. EMBO Rep.; 16(2): 137–141 (2015).
16. Brokesh AM & Gaharwar AK. Inorganic Biomaterials for Regenerative

Medicine. ACS Appl. Mater. Interfaces, 12(5): 5319–5344 (2020).
17. Saini M, Singh Y, Arora P, Arora V & Jain K. Implant biomaterials: A

comprehensive review. World J Clin Cases; 3(1): 52–57 (2015).
18. Muddugangadhar BC, Amarnath GS, Tripathi S, Divya SD. Biomaterials

for Dental Implants: An Overview. International Journal of  Oral
Implantology and Clinical Res.; 2: 13–24 (2011).

19. Ratner BD, Hoffman AS, Schoen FJ & Lemons JE (Eds.). Biomaterials
Science: An Introduction to Materials in Medicine, 2nd ed.; Academic
Press: San Diego, CA, USA, (2004).

20. Wanga W & Yeung KWK. Bone grafts and biomaterials substitute for
bone defect repair: A review. Bioact Mater.; 2(4): 224–247 (2017).

21. Dewey MJ & Harley BAC. Biomaterial design strategies to address
obstacles in craniomaxillofacial bone repair. RSC Adv.; 11: 17809-17827
(2021).

22. Winkler H and Haiden P. Allograft Bone as Antibiotic Carrier. J Bone Jt
Infect.; 2(1): 52–62 (2017).

23. Kennedy JF, Phillips GO & Williams PA (Eds). Viral Infections
Transmitted Through Tissue Transplantation. Sterilisation of  Tissues
Using Ionising Radiations: 255–278 (2005).

24. Williams DF. Challenges with the Development of  Biomaterials for
Sustainable Tissue Engineering. Front Bioeng, Biotechnol.; 7: 127 (2019).

25. Troy E, Tilbury MA, Power AM & Wall JG. Nature-Based Biomaterials
and Their Application in Biomedicine. Polymers; 13(19): 3321 (2021).

26. Hench LL & Ian Thompson I. Twenty-first century challenges for

biomaterials. J R Soc Interface; 7(Suppl 4): S379–S391 (2010).
27. Carnicer-Lombarte A, Chen ST, Malliaras GG &. Barone DG. Foreign

Body Reaction to Implanted Biomaterials and Its Impact in Nerve
Neuroprosthetics. Front. in Bioengg. and Biotech.; 1-22 (2021).

28. Ratner BD, Hoffman A, Schoen FJ & Lemons JE. Biomaterials Science:
An Introduction to Materials: Third Edition. Academic Press: San Diego,
CA, USA, (2013).

29. Ratner BD. Biomaterials: Been There, Done That, and Evolving into the
Future. Annu Rev Biomed Engg.; 21: 171-191 (2019).

30. Huzum B, Puha B, Necoara RM, Gheorghevici S, Puha G, Filip A, Paul
Dan Sirbu PD & Alexa O. Biocompatibility assessment of  biomaterials
used in orthopedic devices: An overview (Review). Exp Ther Med.;
22(5): 1315 (2021).

31. Navarro M, Michiardi A, Castaño O & Planell JA. Biomaterials in
orthopaedics. J R Soc Interface; 5(27): 1137–1158 (2008).

32. Moghadasi K, Isa MSM, Mohammad Ashraf Ariffin MA, Jamil MZM,
Raja S, Wu B, Yamani M, Muhamad MRB, Yusof  F, Jamaludin MF, Bin
Ab Karim MS, Razak BBA & Yusoff  NB. A review on biomedical
implant materials and the effect of friction stir based techniques on
their mechanical and tribological properties. J of  Mat. Res. and Tech.;
17: 1054-1121 (2022).

33. Ashtiani RE, Alam M, Tavakolizadeh S & Abbasi K. The Role of
Biomaterials and Biocompatible Materials in Implant-Supported Dental
Prosthesis. Evid Based Complement Alternat Med.; 3349433 (2021).

34. Eliaz N. Corrosion of  Metallic Biomaterials: A Review. Materials (Basel);
12(3): 407 (2019).

35. Festas AJ, A Ramos A & Davim JP. Medical devices biomaterials- A
review. Proceedings of  the Institution of  Mechanical Engineers, Part
L: Journal of Materials: Design and Applications; 234(1): 218-228 (2020).

36. Skallevold HE, Rokaya D, Khurshid Z & Zafar MS. Bioactive Glass
Applications in Dentistry. Int J Mol Sci.; 20(23): 5960 (2019).

37. Rykowska I, Nowak I & Nowak R. Drug-Eluting Stents and Balloons—
Materials, Structure Designs, and Coating Techniques: A Review.
Molecules; 25(20): 4624 (2020).

38. Mazzoni E, Iaquinta MR, Lanzillotti C, Mazziotta C, Maritati M, Montesi
M, Sprio S, Tampieri A, Tognon M & Martini F. Bioactive Materials for
Soft Tissue Repair. Front. Bioeng. Biotechnol., (2021).

39. Velnar T, Bunc G, Klobucar R & Gradisnik L. Biomaterials and host
versus graft response: A short review. Bosn J Basic Med Sci.; 16(2): 82–
90 (2016).

40. Ødegaard KS, Torgersen J & Elverum CW. Structural and Biomedical
Properties of Common Additively Manufactured Biomaterials: A
Concise Review. Metals; 10(12): 1677 (2020).

41. Moysidou CM, Barberio C & Owens RM. Advances in Engineering
Human Tissue Models. Front. Bioeng. Biotechnol.; (2021).

42. Han F, Wang J, Ding L, Hu Y, Li W, Yuan Z, Guo Q, Zhu C, Yu L, Wang
H, Zhao Z, Jia L, Li J, Yu Y, Zhang W, Chu G, Chen S & Li B. Tissue
Engineering and Regenerative Medicine: Achievements, Future, and
Sustainability in Asia. Front. Bioeng. Biotechnol.; (2020).

43. Sekula M., Zuba-Surma EK. Biomaterials and Stem Cells: Promising
Tools in Tissue Engineering and Biomedical Applications. InTech
(2017). Available from: http://dx.doi.org/10.5772/intechopen.70122

44. Ogueri KS, Jafari T, Ivirico JLE & Laurencin CT. Polymeric Biomaterials
for Scaffold-Based Bone Regenerative Engineering. Regen Eng Transl
Med.; 5(2): 128–154 (2019).

45. Riha SM, Maarof  M & Fauzi MB. Synergistic Effect of  Biomaterial and
Stem Cell for Skin Tissue Engineering in Cutaneous Wound Healing:
A Concise Review. Polymers; 13(10): 1546 (2021).

46. Paladini F & Pollini M. Novel Approaches and Biomaterials for Bone
Tissue Engineering: A Focus on Silk Fibroin. Materials; 15: 6952 (2022).

47. Agarwala KM, Singh P, Mohan U, Mandal S & Bhatia D. Comprehensive
study related to advancement in biomaterials for medical applications.
Sensors International; 1: 100055 (2020).

48. Jovic TH, Kungwengwe G, Mills AC & Whitaker IS. Plant-Derived
Biomaterials: A Review of 3D Bioprinting and Biomedical Applications.
Front. Mech Engg.; 5 (2019).

49. Carlini AS, Adamiak L & Nathan C. Gianneschi NC. Biosynthetic
Polymers as Functional Materials. Macromolecules; 49(12): 4379–4394
(2016).

50. Shekhawat D, Singh A, Bhardwaj A & Patnaik A. A Short Review on
Polymer, Metal and Ceramic Based Implant Materials. IOP Conference
Series: Materials Science and Engineering; 1017: 012038 (2021).

51. Best SM, Porter AE, Thian ES & Huang J. Bioceramics: Past, present and
for the future. Journal of the European Ceramic Society; 28(7): 1319-
1327 (2008).

52. Khairnar RS, Narwade VN & Koko V. Nanostructured bioceramics and



277

S. Bag, D. Mandal  / Trends Biomater. Artif. Organs, 39(3), 268-278 (2025)

applications. Fundamental Biomaterials: Ceramics; 251-263 (2018).
53. Ly M, Spinelli S, Hays S & Zhu D. 3D Printing of  Ceramic Biomaterials.

Engineered Regeneration; 3(1): 41-52 (2022).
54. Hench LL. Bioceramics: From Concept to Clinic. J. Am. Ceram. Soc.;

74(7): 1487-1510 (1991).
55. Roy M, Bandyopadhyay A & Bose S. Ceramics in Bone Grafts and

Coated Implants. Materials for Bone Disorders; 265-314 (2017).
56. Kumar P, Dehiya BS & Sindhu A. Bioceramics for Hard Tissue

Engineering Applications: A Review. Int. J Appl. Engg. Res.; 13(5):
2744-2752 (2018).

57. Raucci MG, Giugliano D & Ambrosio L. Fundamental Properties of
Bioceramics and Biocomposites. Handbook of Bioceramics and
Biocomposites; 1–19 (2015).

58. Abbas Z, Dapporto M, Tampieri A & Sprio S. Toughening of  Bioceramic
Composites for Bone Regeneration. J. Compos. Sci.; 5(10), 259 (2021).

59. Eliaz N & Metoki N. Calcium Phosphate Bioceramics: A Review of
Their History, Structure, Properties, Coating Technologies and
Biomedical Applications. Materials (Basel); 10(4): 334 (2017).

60. Shenoy A & Shenoy N. Dental ceramics: An update. J Conserv Dent.;
13(4): 195–203 (2010).

61. Denry I & Holloway JA. Ceramics for Dental Applications: A Review.
Materials (Basel); 3(1): 351–368 (2010).

62. Mhadhbi M, Khlissa F & Bouzidi C. Recent Advances in Ceramic
Materials for Dentistry. Advanced Ceramic Materials; (2021).

63. Prasad K, Bazaka O, Chua M, Rochford M, Liam Fedrick L, Spoor J,
Symes R, Tieppo M, Collins C, Cao A, Markwell D, Ostrikov K &
Bazaka K. Metallic Biomaterials: Current Challenges and Opportunities.
Materials (Basel); 10(8): 884 (2017).

64. Bazaka O, Bazaka K, Kingshott P, Crawford RJ & Ivanova EP. Metallic
Implants for Biomedical Applications, in The Chemistry of Inorganic
Biomaterials; 1-98 (2021).

65. Davis R, Singh A, Jackson MJ, Coelho RT, Prakash D, Charalambous CP,
Ahmed W, da Silva LRR & Lawrence AA. A comprehensive review on
metallic implant biomaterials and their subtractive manufacturing. The
International Journal of  Advanced Manufacturing Technology;120:
1473–1530 (2022).

66. Hermawan H, Ramdan HD & Djuansjah JRP. Metals for Biomedical
Applications. Biomedical Engineering - From Theory to Applications,
(2011).

67. Dong H, Liu H, Zhou N, Li Q, Yang G, Chen L & Mou Y. Surface
Modified Techniques and Emerging Functional Coating of  Dental
Implants. Coatings; 10(11): 1012 (2020).

68. Niinomi M. Recent metallic materials for biomedical applications.
Metallurgical and Materials Transactions A; 33: 477–486 (2002).

69. Loureiro dos Santos LA. Natural Polymeric Biomaterials: Processing
and Properties. Reference Module in Materials Science and Materials
Engineering, (2017).

70. Yadav P, Yadav H, Shah VG, Shah G & Dhaka G. Biomedical Biopolymers,
their Origin and Evolution in Biomedical Sciences: A Systematic
Review. J Clin Diagn Res.; 9(9): ZE21–ZE25 (2015).

71. Ionescu RN, Totan AR, Imre MM, �âncu AMC, Pantea M, Butucescu M
& Farc a � i u  AT. Prosthetic Materials Used for Implant-Supported
Restorations and Their Biochemical Oral Interactions: A Narrative
Review. Materials (Basel); 15(3): 1016 (2022).

72. Maitz MF. Applications of  synthetic polymers in clinical medicine.
Biosurface and Biotribology; 1(3): 161-176 (2015).

73. Premkumar J, SonicaSree K & Sudhakar T. Polymers in Biomedical Use.
Handbook of Polymer and Ceramic Nanotechnology; 1–28 (2021).

74. Reddy MSB, Ponnamma D, Choudhary R & Sadasivuni KK. A
Comparative Review of Natural and Synthetic Biopolymer Composite
Scaffolds. Polymers;13(7): 1105 (2021).

75. Kalirajan C, Dukle A, Nathanael AJ, Oh TH & Manivasagam G. A Critical
Review on Polymeric Biomaterials for Biomedical Applications.
Polymers; 13(17): 3015 (2021).

76. Song R, Murphy M, Li C, Ting K, Soo C & Zheng Z. Current development
of biodegradable polymeric materials for biomedical applications.
Drug Des Devel Ther.; 12: 3117–3145 (2018).

77. Haraguchi K. Biocomposites. Encyclopedia of Polymeric
Nanomaterials;1–8 (2014).

78. Zagho MM, Hussein EA & Elzatahry AA. Recent Overviews in Functional
Polymer Composites for Biomedical Applications. Polymers (Basel);
10(7): 739 (2018).

79. Kang CW & Fang FZ. State of the art of bioimplants manufacturing:
part I. Advances in Manufacturing; 6: 20–40 (2018).

80. Mosas KKA, Chandrasekar AR, Dasan A, Pakseresht A & Galusek D.
Recent Advancements in Materials and Coatings for Biomedical

Implants. Gels; 8(5): 323 (2022).
81. Barfeie A, Wilson J & Rees J. Implant surface characteristics and their

effect on osseointegration. British Dental Journal; 218: E9 (2015).
82. Lee EJ, Kasper IFK & Mikos AG. Biomaterials for Tissue Engineering.

Ann Biomed Eng.; 42(2): 323–337 (2015).
83. Ramazanoglu M & Oshida Y. Osseointegration and Bioscience of  Implant

Surfaces - Current Concepts at Bone-Implant Interface. Implant Dentistry
- A Rapidly Evolving Practice, (2011).

84. Gao C, Peng S, Feng P & Shuai C. Bone biomaterials and interactions
with stem cells. Bone Research; 5:17059 (2017).

85. Rai JJ & Kalantharakath T. Biomimetic ceramics for periodontal
regeneration in infrabony defects: A systematic review. J Int Soc Prev
Community Dent.; 4(Suppl 2): S78–S92 (2014).

86. Raucci MG, Guarino V & Ambrosio L. Biomimetic Strategies for Bone
Repair and Regeneration. J. Funct. Biomater.; 3(3): 688-705 (2012).

87. Anthony Iovene A, Zhao Y, Wang S & Amoako K. Bioactive Polymeric
Materials for the Advancement of  Regenerative Medicine. J. Funct.
Biomater.; 12(1): 14 (2021).

88. Bag S. Biodegradable Composite Scaffold for Bone Tissue Regeneration.
Biomedical Engineering and its Applications in Healthcare; 657–679
(2019).

89. Yu X, Tang X, Gohil SV & Laurencin GT. Biomaterials for Bone
Regenerative Engineering. Adv Healthc Mater.; 4(9): 1268–1285 (2015).

90. Bharadwaj A. An Overview on Biomaterials and Its Applications in
Medical Science. IOP Conf. Ser.: Mater. Sci. Eng.; 1116: 012178 (2021).

91. Han X, Alu A, Liu H, Shi Y, Wei X, Cai L & Wei Y. Biomaterial-assisted
biotherapy: A brief  review of  biomaterials used in drug delivery,
vaccine development, gene therapy, and stem cell therapy. Bioact. Mater.;
17: 29–48 (2022).

92. Li L, He Z-Y, Wei X-W & Wei Y-Q. Recent advances of  biomaterials in
biotherapy. Regen Biomater.; 3(2): 99–105 (2016).

93. Enrica Caló & Khutoryanskiy VV. Biomedical applications of  hydrogels:
A review of patents and commercial products. European Polymer
Journal; 65: 252-267 (2015).

94. Wu T, Li Y & Lee DS. Chitosan-based composite hydrogels for
biomedical applications. Macromolecular Research; 25: 480–488 (2017).

95. Cui R, Qiang Wu Q, Wang J, Zheng X, Ou R, Xu Y, Qu S & Li D.
Hydrogel-By-Design: Smart Delivery System for Cancer
Immunotherapy. Front Bioeng Biotechnol. 2021; 9: 723490 (2021).

96. Aditi M. Jhaveri AM & Torchilin VP. Multifunctional polymeric micelles
for delivery of drugs and siRNA. Front Pharmacol.; 5: 77 (2014).

97. Wan Z, Zheng R, Moharil P, Liu Y, Chen J, Sun R, Song X & Ao Q.
Polymeric Micelles in Cancer Immunotherapy. Molecules; 26(5): 1220
(2021).

98. Alavi M, Karimi N & Safaei M. Application of  Various Types of
Liposomes in Drug Delivery Systems. Adv Pharm Bull.; 7(1): 3–9 (2017).

99. Nakhaei P, Margiana R, Bokov DO, Abdelbasset WK, Kouhbanani MAJ,
Varma RS, Marofi F, Jarahian M & Beheshtkhoo N. Liposomes: Structure,
Biomedical Applications, and Stability Parameters with Emphasis on
Cholesterol. Front Bioeng Biotechnol.; 9: 705886 (2021).

100. Olusanya TOB, Ahmad RRH, Ibegbu DM, Smith JR & Elkordy AA.
Liposomal Drug Delivery Systems and Anticancer Drugs. Molecules;
23(4): 907 (2018).

101. Tenchov R, Bird R, Curtze AE & Zhou Q. Lipid Nanoparticles - From
Liposomes to mRNA Vaccine Delivery, a Landscape of  Research
Diversity and Advancement. ACS Nano; 15(11): 16982–17015 (2021).

102. Singh P, Pandit S, Mokkapati VRSS, Garg A, Ravikumar V & Mijakovic
I. Gold Nanoparticles in Diagnostics and Therapeutics for Human
Cancer. Int J Mol Sci.; 19(7): 1979 (2018).

103. Gavas S, Quazi S & Karpiñski TM. Nanoparticles for Cancer Therapy:
Current Progress and Challenges. Nanoscale Res Lett.; 16: 173 (2021).

104. Dykman LA & Khlebtsov NG. Gold nanoparticles in chemo-, immuno-
, and combined therapy: review. Biomed Opt Express; 10(7): 3152–
3182 (2019).

105. Cheng Z, Li M, Dey R & Chen Y. Nanomaterials for cancer therapy:
current progress and perspectives. J Hematol Oncol.; 14: 85 (2021).

106. Yang Y & Yu C. Advances in silica-based nanoparticles for targeted
cancer therapy. Nanomedicine; 12(2): 317-32 (2016).

107. Esfahani MKM, Alavi SE, Cabot PJ, Islam N & Izake EL. Application of
Mesoporous Silica Nanoparticles in Cancer Therapy and Delivery of
Repurposed Anthelmintics for Cancer Therapy. Pharmaceutics; 14:
1579 (2022).

108. Khan F & Tanaka M. Designing Smart Biomaterials for Tissue
Engineering. Int. J. Mol. Sci.; 19(1): 17 (2018).

109. Bhullar SK, Lala NL & Ramkrishna S. Smart Biomaterials - A Review.
Rev. Adv. Mater. Sci.; 40: 303-314 (2015).



278

S. Bag, D. Mandal  / Trends Biomater. Artif. Organs, 39(3), 268-278 (2025)

110. Zhang K, Wang S, Zhou C, Cheng L, Gao X, Xie X, Sun J, Wang H, Weir
MD, Reynolds MA, Zhang N, Bai Y & Xu HHK. Advanced smart
biomaterials and constructs for hard tissue engineering and
regeneration. Bone Res.; 22(6): 31 (2018).

111. Li Gand & Zhang H. Functional and Smart Biomaterials: Development
and Application in Regenerative Medicine. Front Bioeng Biotechnol.;
10: 920730 (2022).

112. Vishwakarma AK, Bhise NS, Evangelista MB, Rouwkema J, Dokmeci
MR, Ghaemmaghami AM, Vrana, NE & Khademhosseini1 A.
Engineering Immunomodulatory Biomaterials to Tune the
Inflammatory Response. Trends in Biotechnology; 34(6): 470-482 (2016).

113. Stabler CL, Li Y, Stewar t JM & Keselowsky BG. Engineering
immunomodulatory biomaterials for type 1 diabetes. Nat Rev Mater.;
4(6): 429–450 (2019).

114. Nigam S, Bishop JO, Hayat H, Quadri T, Hayat H & Wang P.

Nanotechnology in Immunotherapy for Type 1 Diabetes: Promising
Innovations and Future Advances. Pharmaceutics; 14: 644 (2022).

115. Kretlow JD, Young S, Klouda L, Wong M & Mikos AG. Injectable
Biomaterials for Regenerating Complex Craniofacial Tissues. Adv
Mater.; 21(32-33): 3368–3393 (2009).

116. Kelly SH, Shores LS, Votaw NL & Collier JH. Biomaterials Strategies
for Generating Therapeutic Immune Responses. Adv Drug Deliv Rev.;
114: 3–18 (2017).

117. Zhou J, Li J, Du X & Xu B. Supramolecular Biofunctional Materials.
Biomaterials; 129: 1–27 (2017).

118. Wang Y, Zhang X, Wan K, Zhou N, Wei G & Su Z. Supramolecular
peptide nano-assemblies for cancer diagnosis and therapy: from
molecular design to material synthesis and function-specific
applications. J Nanobiotechnol; 19: 253 (2021).


