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Abstract
Nanotechnology has emerged as a transformative force in biomaterials research, significantly enhancing their functionality and
versatility across medical applications, including tissue engineering, drug delivery, regenerative medicine, and medical implants.
The integration of nanomaterials into biomaterials has improved biocompatibility, mechanical strength, drug release control, and
bioactivity. The present review provides a comprehensive overview of the historical perspective, classification, and applications of
nanomaterials in biomaterials research. It discusses how inorganic, organic, and hybrid nanomaterials are advancing biomedical ap-
plications, including their effects on scaffolds, nanoparticles for targeted drug delivery, and surface modifications for implants. The
paper also addresses current challenges in the use of nanomaterials, including biocompatibility, toxicity, scalability, and regulatory
considerations. Finally, future research directions are proposed to enhance the safety, functionality, and integration of nanotech-
nology in biomaterials, paving the way for next-generation biomedical applications. This review highlights the profound influence
of nanotechnology on biomaterials and its potential to revolutionize healthcare. It explores the transformative impact of nanoma-
terials on biological applications and focuses on specific applications such as tissue engineering, drug delivery systems, diagnostic
instruments, and regenerative medicine.
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1. Introduction

1.1. Overview of Biomaterials Research

From the late 19th century, the use of metals and their com-
posites in biomaterials has increased significantly. Bioma-
terials, often synthetic but sometimes natural, have been
extensively used to replace or repair various biological

functions of human tissue. Since they are constantly ex-
posed to body fluids, they play a vital role in supporting
daily human activities. A global effort is underway to de-
velop novel biomaterials that can further enhance these ac-
tivities. Extensive research has led to the development of
numerous biomaterials aimed at understanding the inter-
actions between the human body and these materials [1].
These biomaterials exhibit exceptional properties applica-
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ble in a wide range of fields, from complex diagnostics to
clinical treatments.

When designing biomaterials, it is essential to con-
sider factors such as biocompatibility, as well as chemi-
cal, mechanical, and physical properties. In addition, their
bioactivity and bioinertness should be evaluated [2]. Care-
ful evaluation of these parameters enables the creation of
more effective and biocompatible systems for medical
use. For example, many bone substitutes act only as me-
chanical supports and do not facilitate processes such as
hematopoiesis. They exhibit only basic functional prop-
erties within normal physiological systems. In contrast,
pacemakers and neuromuscular stimulators perform spe-
cialized electrical functions. Specialized implants, such
as oxygenators and dialyzers, can also perform essential
chemical tasks like oxygenation and dialysis [3]. Further
enhancement of biomaterials could enable the develop-
ment of advanced implants with multiple functions.

One such biomaterial is smart polymers, which im-
part novel and innovative properties to inert polymers
when interacting with peptides, proteins, cells, or DNA.
A notable example is the use of biodegradable polymers
in sutures and bone plates. These polymers are developed
from natural or synthetic polyesters and polyamides to
temporarily scaffold or support tissues as they naturally
regenerate [4]. Some biomolecules, such as liposomes,
plasmid vectors, and enzymes, may be precipitated and
dissolved in a switchable manner using stimuli-responsive
polymers. The biodegradability of such polymers has
led to the development of various advanced drug deliv-
ery systems. Reconstituted collagen polymers are widely
used in skin substitutes, heart valves, and arterial wall
replacements, representing a major breakthrough in the
field. Biological tissues are generally categorized as hard
(e.g., bone, cartilage, teeth, nails) or soft (e.g., skin, liga-
ments, fibrous tissues, synovial membranes), irrespective
of mineral content. Biomedical implants are engineered
to support, repair, or restore the function of damaged or
diseased tissues in both categories. These biomaterials are
either natural or synthetic, designed to function properly
in a biological setting. This growing demand for synthetic
tissue has arisen from the limited availability of donor or-
gans, driving research efforts toward developing methods
to mimic or replicate biological tissues and organs [4].

1.2. Role of Nanotechnology

The integration of nanotechnology into the implant field
has dramatically increased in recent years. Researchers
are increasingly investigating nanomaterials with
biomimetic properties to enhance the performance of con-
ventional implants [5]. Nanomaterials offer increased sur-

face area, tailored stiffness, and modified surface rough-
ness and physicochemical properties, which collectively
improve cell adhesion, proliferation, bone protein syn-
thesis, and mineral deposition. Since the advent of nan-
otechnology, various nanophase materials (grain size less
than 100 nm), including metals, polymers, ceramics, and
composites, have emerged with unique surface properties;
many of these materials exhibit enhanced capacity to pro-
mote osseointegration and new bone formation. For ex-
ample, Serra et al. [6] produced a nanostructured Ti6Al4V
alloy using severe plastic deformation techniques. The
nanostructured Ti6Al4V alloy exhibited better mechanical
properties over conventional titanium, including (i) an ul-
timate tensile strength of 1240 MPa over 700 MPa, (ii)
a yield stress of 1200 MPa over 530 MPa, and (iii) an
elongation of 12% over 25% of pure titanium.

A significant application is in diagnostics, where
nanoparticles (NPs), such as gold NPs, functionalized
with antibodies, can detect proteins associated with spe-
cific diseases. Iron oxide is regarded as a superparamag-
netic NP, and other NPs have gained interest due to their
magnetic characteristics. The regulated orientation and
organization of these NPs in a strong magnetic field make
them suitable for use as materials for drug delivery sys-
tems for cancer therapy. Due to these properties, nanopar-
ticles (NPs) are ideal as drug carriers, thermal mediators
in hyperthermia treatments, and contrast agents for com-
puted tomography or magnetic resonance imaging (MRI).
Therefore, the exposure of living organisms to natural, in-
cidental, and engineered nanoparticles is rapidly increas-
ing [7]. Metal oxide nanoparticles are particularly attrac-
tive as antibacterial agents due to their exceptionally large
surface areas and unique crystalline morphologies, which
feature numerous edges, corners, and other potentially re-
active sites. The impact of iron-oxide nanoparticles on
biofilms that developed on the surface of polymer-brush-
coated biomaterials was assessed for this property.

Carbon nanotube (CNT)-based composites are also
studied and used in this field. The incorporation of CNTs
into polycaprolactone (PCL), polycarbonate-urethane
(PCU), or polystyrene (PS) matrices has been proposed to
enhance the mechanical properties (in terms of tensile and
compressive moduli) of the composite scaffolds. Carbon
nanotubes (CNTs) serve as a safer alternative to traditional
toxic fibers such as asbestos [8]. Incorporating single-
walled carbon nanotubes (SWCNTs) into PLGA compos-
ites reduced polymer crystallinity by ~5%, increased ten-
sile strength by ~12%, and slowed degradation [9]. Tra-
ditional nanotoxicology assays have primarily focused on
evaluating cytotoxicity and genotoxicity of nanoparticle
uptake in cancer cell cultures (U251, IMR-90) [10]. Us-
ing cell lines such as HeLa, U937 [11], A549 [12], many
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articles have studied cytotoxicity and genotoxicity of Ag-
nps. Similarly, ZnO and TiO2 nps have been studied
with Hep2 [13], and TiO2 nps with PC-3M [14] to show
more reproducible and homogeneous results, facilitating
targeted studies of nanoparticle-cell interactions.

2. Historical Background and
Evolution of Nanomaterials in
Biomaterials Research

In recent decades, nanomaterials have significantly en-
hanced the properties and functions of biomaterials in
biomedical research and healthcare applications [15]. Bio-
materials are designed to interact with biological systems
such as bioimaging [16], medical implants [17], biosens-
ing [18], wound healing [19], tissue engineering, and drug
delivery [20]. The integration of nanotechnology enables
precise control at the molecular level, leading to signifi-
cant improvements in the performance and functionality
of these materials for medical applications.

2.1. Historical Perspectives on
Nanotechnology in Biomaterials

Nanomaterials possess a high surface-to-volume ratio,
which enhances their chemical reactivity and enables pre-
cise interactions with biological systems at the molecu-
lar level, resulting in properties that can be effectively
harnessed for biomedical applications. Advancements in
nanotechnology have continuously driven the develop-
ment of potentially biocompatible biomaterials ever since
the concept of biocompatibility became integral to med-
ical science [21,22]. Initially, nanoparticles, nanofibers,
and nanostructured surfaces were introduced as biomate-
rials for the development of medical devices, tissue engi-
neering, and drug delivery applications [23]. During the
1950s and 1960s, liposomes and polymeric carriers were
developed as the first generation of biomaterials for tar-
geted drug delivery, offering precision and efficiency [24].
They encapsulated drugs at the nanoscale and delivered
them precisely to targeted tissues. This approach pre-
vented drug degradation and allowed controlled release
over time. This discovery helped overcome major issues
such as poor bioavailability and non-specific targeting in
conventional drug delivery.

During the 1990s, biocompatible hydroxyapatite
nanoparticles were extensively studied, playing a crucial
role in the design of scaffolds for new bone formation and
the regeneration of damaged bone tissue. Due to its high
surface area and biocompatibility, hydroxyapatite also
acts as a carrier for drugs and bioactive molecules. The
development of these biomaterials laid the foundation for

functionalizing nanoparticles with biological molecules
to enhance biocompatibility and minimize immune re-
sponses associated with other biomaterials [25,26]. Sim-
ilarly, nanofibers were produced via electrospinning and
used to create scaffolds for tissue engineering that closely
mimicked the extracellular matrix (ECM) of natural tis-
sues. These nanofibrous scaffolds provided better cell
attachment, proliferation, and differentiation compared
to traditional biomaterials [27,28]. These advancements
have enabled the development of nanocoatings and sur-
face modifications that enhance medical implant perfor-
mance by improving tissue integration and providing an-
timicrobial properties. Collectively, these innovations in
biomaterials have significantly advanced medical science,
enhancing treatment effectiveness and enabling patient-
specific customization.

2.2. Key Milestones and Major
Advancements in the Past Few Years

In recent years, the field of nanotechnology-enhanced
biomaterials has witnessed several key milestones and
major advancements. Researchers have made significant
progress in developing smart biomaterials that respond to
environmental stimuli such as pH, temperature, or specific
enzymes. These materials can be utilized in biological re-
search and have applications in several fields, including
tissue engineering [29], cell therapy [30], and gene trans-
fection [31]. A breakthrough in nanomaterials for bioma-
terials research was the development of a nano drug deliv-
ery system [32]. These nanoparticles can be programmed
to release their therapeutic payloads in response to specific
physiological conditions, such as the acidic environment
of a tumor. Moreover, these materials can improve the
poor water solubility of drugs, bioavailability, and reduce
drug metabolism. This innovation has been particularly
impactful in cancer treatment, where precise targeting is
crucial to minimize damage to healthy tissues.

In tissue engineering, the evolution of nanomate-
rials has led to the creation of nanocomposite scaffolds
that incorporate multiple nanomaterials to achieve supe-
rior mechanical, biological, and chemical properties. For
example, graphene and carbon nanotubes have been in-
tegrated into polymeric scaffolds to enhance their elec-
trical conductivity, making them suitable for tissue en-
gineering applications that require electrical stimulation,
such as bone and cartilage tissue engineering [33]. Re-
cent advancements in nanotechnology-enhanced biomate-
rials have also focused on improving the biocompatibil-
ity and functionality of implantable devices. Nanoscale
surface modifications, such as nanostructured coatings
with anti-inflammatory or antibacterial properties, have
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contributed to reduced implant rejection and infection
rates [34]. Nanoparticles are now being integrated with
3D printing technology to fabricate biomaterials. This en-
ables the precise fabrication of complex, patient-specific
structures at the nanoscale, opening new avenues for re-
generative therapies and personalized medicine. It is now
simpler to construct tissues and organs for transplantation
thanks to the development of scaffolds that can better sup-
port tissue growth, made possible by the combination of
3D printing and nanomaterials [35].

2.3. Comparison of Traditional vs.
Nanobiomaterials

Performance and adaptability have significantly improved
over traditional biomaterials because of the incorporation
of nanotechnology into biomaterials research. Traditional
biomaterials, such as metals, ceramics, and polymers,
have been widely used in implants and medical devices
due to their mechanical strength and durability [22,36,37].
However, challenges remain regarding biocompatibility,
integration with biological tissues, drug delivery, and tis-
sue regeneration.

2.3.1. Biocompatibility and Tissue Integration

Conventional biomaterials often present biocompatibil-
ity challenges, potentially leading to immune reactions,
implant rejection, or inadequate tissue integration [38].
On the other hand, biomaterials augmented by nanotech-
nology can be designed with surface alterations at the
nanoscale that replicate the composition and functionality
of natural tissues [39]. Furthermore, implants with nanos-
tructured surfaces can promote cell proliferation and ad-
hesion, improve tissue integration, and reduce rejection
rates.

2.3.2. Drug Delivery Efficiency

Traditional drug delivery methods usually depend on sys-
temic administration, in which medications are dispersed
throughout the body, which frequently results in side ef-
fects and non-specific targeting [40]. Nanotechnology-
enhanced biomaterials offer more efficient drug delivery
by targeting specific cells or tissues and controlling the
release of the drug. This approach minimizes side effects
and improves therapeutic outcomes, particularly in cancer
treatment [32].

2.3.3. Mechanical Properties and Functionality

Traditional biomaterials are often selected for their me-
chanical strength; however, they may fall short in meet-
ing the flexibility and functional requirements necessary

for biomedical applications [37]. In contrast, nanomateri-
als can be tailored to achieve a balance between strength
and flexibility, as seen in nanocomposite materials. For
instance, the incorporation of carbon nanotubes into poly-
mer matrices can enhance the mechanical properties of
scaffolds while providing electrical conductivity, which
is essential for applications like nerve or muscle tissue en-
gineering [15].

2.3.4. Antimicrobial Properties

Another advantage of nanotechnology-enhanced bioma-
terials is their ability to incorporate antimicrobial prop-
erties [34]. Traditional biomaterials are prone to bacte-
rial colonization, which can lead to infections, particularly
in implants. Nanomaterials, such as silver nanoparticles,
have been incorporated into biomaterials to confer antimi-
crobial properties, thereby reducing the risk of infections
and enhancing the safety of medical devices [41,42].

3. Types of Nanomaterials for
Biomaterials Research

In biomaterials research, nanotechnology has introduced
significant innovations that are highly relevant formedical
applications. This section examines various types of nano-
materials used in biomaterials, with an emphasis on their
properties and applications. Materials with at least one di-
mension in the range of 1–100 nm are termed nanomate-
rials. These materials possess unique physical, chemical,
and biological properties that make them highly suitable
for biomedical applications. Nanomaterials are generally
categorized as inorganic, organic, hybrid, or nanocompos-
ites [43]. Nanoscale biomaterials hold immense potential
to advance medical research and improve therapeutic out-
comes. Nanomaterials’ characteristics make them perfect
for a variety of medicinal and diagnostic applications. On-
going research and development in this area are driving in-
novative healthcare solutions. The integration of nanopar-
ticles and biomaterials is revolutionizing the development
of advanced treatment approaches [44].

Inorganic and organic nanomaterials possess unique
properties that enhance drug delivery, improve biocom-
patibility, and facilitate the development of innovative
medical devices. Future research in this field holds great
promise for improving patient outcomes and developing
innovative treatments for various diseases. Continued ad-
vancements in nanotechnology will serve as the founda-
tion for future medical breakthroughs [45].
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3.1. Inorganic Nanomaterials

3.1.1. Metal Nanoparticles

Gold Nanoparticles: Gold nanoparticles (AuNPs) arewidely
recognized for their biocompatibility and ease of func-
tionalization. They are suitable for application in pho-
tothermal therapy, targeted medication delivery, and diag-
nostic imaging due to their unique optical properties, in-
cluding surface plasmon resonance. Studies have demon-
strated that conjugating AuNPs with antibodies, peptides,
or drugs to target specific cells or tissues can enhance the
efficacy and specificity of therapies [46]. To mitigate po-
tential liver toxicity associated with AuNP accumulation,
gold core-shell nanoparticles are preferred for cancer ther-
apy [47–50].

Silver Nanoparticles: Silver nanoparticles (AgNPs)
are widely recognized for their potent antibacterial prop-
erties. They are typically utilized as antibacterial agents,
dressings, and antimicrobial coatings for medical equip-
ment [51]. The antibacterial properties of nano silver stem
from their capacity to release silver ions and generate re-
active oxygen species (ROS). This disrupts bacterial cell
function by rupturing their membranes [52]. Research has
also focused on drug delivery systems, cancer treatments,
and toxicity, confirming AgNPs as novel nanoparticles in
the field of biomaterials [53,54].

Titanium Nanoparticles: Titanium nanoparticles
(TiNPs) are used in dental and orthopedic implants due
to their good biocompatibility and favorable mechanical
properties. Titanium dioxide (TiO2) nanoparticles are also
frequently utilized as photocatalysts and as UV-blocking
ingredients in sunscreens [55].

3.1.2. Metal Oxide Nanoparticles

Metal oxide nanoparticles also play a key role as biomate-
rials in the research. A few of them are discussed below.

Zinc Oxide Nanoparticles: Zinc oxide nanoparticles
(ZnO NPs) are used in sunscreen, antimicrobial coatings,
and wound healing applications due to their antibacte-
rial and UV-blocking properties. These nanoparticles are
also employed as efficient drug delivery vehicles, as they
can enhance the bioavailability of encapsulated medica-
tions [56,57].

Iron Oxide Nanoparticles: Iron oxide nanoparticles
(Fe3O4) exhibit superparamagnetic properties, making
them excellent contrast agents for magnetic resonance
imaging (MRI). Additionally, they serve as vehicles for
targeted therapy, employing magnetic fields to transport
drugs precisely or as targeted drug delivery systems. They
are also used externally to deliver drugs, with the mag-

netic field directing the nanoparticle carrier to the target
site [58–60].

Titanium Oxide Nanoparticles: Among variousmetal
oxides, titanium dioxide (TiO2) nanoparticles are recog-
nized for their unique photocatalytic properties and have
attracted widespread attention. They are less toxic and are
chemically stable. Recently, studies have underlined the
use of TiO2 nanoparticles as antibacterial coatings, cancer
photodynamic therapy, and bone tissue engineering. The
application has been carried out as follows: In orthopedic
and dental applications, TiO2 nanoparticles are incorpo-
rated into implant coatings, promoting osseointegration
and inhibiting bacterial colonization [61]. Tuned TiO2
nanoparticles have been employed in photodynamic ther-
apy and effectively function as photosensitizers under UV
or visible light, generating reactive oxygen species (ROS)
that selectively destroy tumor cells [62]. TiO2 nanocom-
posites can bemade by doping othermaterials into it; these
doped TiO2 are explored for drug delivery. It possesses
a large surface area and controlled release properties, es-
pecially in cancer treatment, which requires targeted and
controlled drug release [63].

3.1.3. Carbon-Based Nanomaterials

Graphene: Graphene, a single layer of carbon atoms ar-
ranged in a hexagonal lattice, possesses remarkable me-
chanical, thermal, and electrical properties. It is utilized
in the same form or as a derivative in the fields of drug de-
livery systems, tissue scaffolds, and biosensors. Owing to
its high surface area and functionalizability, graphene fa-
cilitates the development of highly sensitive and specific
biosensors for detecting viruses and biomolecules [64,65].
In addition to its applications in biosensors, its exceptional
strength and conductivity make it well-suited for drug de-
livery. Graphene functionalized with polyethylene glycol
(PEG) or chitosan can be used in drug delivery, enhancing
drug loading and enabling sustained release, particularly
in cancer therapies. Apart from this, it also improves the
material’s biocompatibility and dispersibility in aqueous
media [66].

Carbon Nanotubes (CNTs): CNTs are cylindrical
structures composed of carbon atoms arranged in a hexag-
onal lattice. They are being investigated in the fields
of biosensing, tissue engineering, and medication deliv-
ery [67]. They are incredibly strong, electrically conduc-
tive, and chemically stable. These are adaptable, and their
unique qualities enable the creation of innovative mate-
rials and gadgets with excellent functionality and perfor-
mance. Carbon nanotubes (CNTs) enhance cell adhesion
and proliferation in tissue scaffolds, particularly when in-
corporated into biodegradable polymers [68].
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Carbon Quantum Dots: In the field of biosensing,
nitrogen-doped carbon quantum dots functionalized with
targeting ligands are highly selective and sensitive, en-
abling the detection of biomolecules for early diagno-
sis [69]. Modifications of carbon-based nanostructures
are crucial for enhancing biofunctionality, while also en-
suring biosafety, targeted delivery, and controlled degra-
dation, making them a cornerstone of modern biomaterial
systems.

3.2. Organic Nanomaterials

3.2.1. Polymer-Based Nanoparticles

Polymeric nanogels and dendrimers are prominent polymer-
based nanoparticles used in biomaterials research. Addi-
tionally, micelles and liposomes are significant organic
nanomaterials.

Polymeric Nanogels: Polymeric nanogels, featuring
hydrophilic networks, swell in aqueous environments and
respond to environmental stimuli such as pH, temperature,
and ionic strength. Due to these properties, they are ide-
ally suited for applications involving controlled drug de-
livery. They can also contain the medicine and release it
in a regulated manner. Additionally, polymeric nanogels
can be tailored to provide materials with improved effi-
cacy, safety, and a favorable responsiveness to specific
physiological situations [70].

Dendrimers: Dendrimers are highly branched struc-
tures that exhibit multifunctionality. They can be tailored
for various applications, including drug delivery and gene
therapy. Their three-like structured polymers have a very
high density of functional groups with unique structures.
The formation of dendrimers makes them an effective ma-
terial for application in drug delivery and imaging tech-
niques. This is made possible as it can encapsulate the
drug as well as contrast it. They can also be modified and
improved by functionalization with ligands for the drug
delivery mechanism, particular cells, or tissues [71].

3.2.2. Liposomes and Micelles

Liposomes: These are spherical vesicles composed of
lipid bilayers. Liposomes are employed for drug encapsu-
lation to improve the stability and bioavailability of ther-
apeutic agents. These materials can be optimized for con-
trolled and targeted drug delivery systems, enabling the
release of medication in response to specific stimuli, such
as changes in pH or enzyme activity [72].

Micelles: These self-assembling amphiphilic struc-
tures consist of hydrophilic shells and hydrophobic cores.
Hydrophobic medications are delivered using micelles.
These materials enhance drug solubility and improve sys-

tem selectivity by functionalization with ligands targeting
specific sites [73].

3.3. Nanofiber-Based Biomaterials

Nanofiber biomaterials, particularly those fabricated us-
ing electrospinning, have gained considerable attention
due to their ability to replicate the fibrillar architecture
of the extracellular matrix (ECM). These fibers provide
large surface area, high porosity, and interconnected pore
networks, which are vital for cell attachment, nutrient dif-
fusion, and biological signalling [74]. They can be made
from a wide range of organic polymers such as gelatin,
silk fibroin, polycaprolactone, or synthetic copolymers,
and are often enhanced with carbon-based nanomateri-
als (e.g., graphene oxide, carbon nanotubes) or metallic
nanoparticles (e.g., silver, gold) for added functionality.
Nanofiber mats can be functionalized with growth factors,
antibacterial agents, or drugs for site-specific delivery and
can be designed to support specific cell lineages, such as
neuronal or musculoskeletal stem cells. These systems
are particularly valuable in applications such as skin re-
pair, nerve conduits, and muscle regeneration. Nanofiber-
based platforms have also been adapted into wound dress-
ings that respond to environmental cues such as pH or
enzymatic activity for on-demand drug release [75]. A
study by Arbade et al. highlighted that nanofiber systems
loaded with antibacterial agents like silver nanoparticles
provided excellent microbial resistance while maintaining
biocompatibility, making them ideal for chronic wound
treatment and post-operative healing environments [76].

3.4. Hydrogel Nanomaterials

Hydrogels are valued for their excellent biocompatibility,
softness, and tissue-like consistency. When combined
with nanomaterials to form nano-hydrogels, these hydro-
gels acquire additional properties, including mechanical
reinforcement, stimuli responsiveness, and enhanced drug
delivery capabilities. These integrated nano-hydrogels
can encapsulate cells, proteins, and nanoparticles, making
them versatile materials for applications such as injectable
therapies, 3D culture systems, and localized drug deliv-
ery [77]. These nano-hydrogels, composed of materials
such as gelatin methacrylate (GelMA), alginate, cellulose
nanofibrils, or chitosan, have shown promising results
in treating burn wounds, osteoarthritis, ocular diseases,
and tumor microenvironments. Including materials such
as metal–organic frameworks (MOFs), nano-silica, gold
nanoparticles, etc., in hydrogels has diversified its appli-
cations and made it usable for controlled photothermal
treatment, biosensing, and angiogenesis stimulation [78].
Arbade et al. have highlighted the growing interest in multi-
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component hydrogels that exhibit adaptive stiffness and
tunable release profiles, which can be optimized for bone
and cartilage regeneration; additionally, these hydrogels
enable stem cell encapsulation. These materials can also
be engineered to respond to physiological stimuli such as

pH, temperature, or enzyme levels, making them promis-
ing candidates for personalized medicine [79]. Figure 1
illustrates various types of nanomaterials applicable in bio-
material research.

Figure 1: Types of nanomaterials relevant to biomaterial applications.

4. Various Strategies for
Nanomaterial Modification

Nanomaterials are highly versatile, and various modifica-
tion techniques can be employed to enhance their biocom-
patibility, physicochemical properties, and functional be-
havior, thereby improving their performance in biomed-
ical applications. Hybrid nanomaterials and surface-
functionalized nanoparticles are two of the most studied
approaches for this purpose.

4.1. Hybrid Nanomaterials and
Nanocomposites

Hybrid nanomaterials and nanocomposites combine or-
ganic and inorganic components, harnessing the advan-
tages of both to achieve enhanced performance. One ex-
ample is the coupling of polymers with carbon nanotubes
to form a nanocomposite, yielding a material with en-
hanced electrical conductivity and mechanical strength.
There are various applications for these materials where
they can be used. Some of them are tissue engineering,
medication delivery, and biosensing [80]. Furthermore,
silica–polymer composites possess adjustable porosity
and degradability, which have shown promising results in
controlled drug delivery systems. These hybrid materials
are versatile and support applications across diverse fields,
including tissue regeneration, targeted drug delivery, and
biosensing technologies.

Recent advances in photodynamic and sonopho-
todynamic therapy have led to the use of TiO2 com-

posites. Yavaş et al. (2025) reported that TiO2
nanoparticles, when combined with copper phthalocya-
nine (CuPc), exhibit potent, non-invasive anticancer ac-
tivity, inducing up to 83.8% apoptosis in HepG2 liver
cancer cells under sonophotodynamic activation [81].
Similarly, Abd El-Kaream et al. (2025) also synthe-
sized microwave-activated TiO2/rose bengal@chitosan
nanoparticles, which increased the production of reactive
oxygen species (ROS), which was further used to selec-
tively suppress skin cancer cells in vitro as well as in vivo
systems [82]. El-Bassyouni et al. (2025) reviewed that
titanium and its alloys have been extensively modified
using various techniques, including atomic layer deposi-
tion of TiO2 thin films. This approach has been applied
in long-term orthopedic and dental applications, as it en-
hances corrosion resistance, reduces implant degradation,
and improves biocompatibility [83].

4.2. Functionalization and Surface
Modification of Nanomaterials

Functionalization plays a key role in ensuring the effective
utilization of nanoparticles. The surface functionaliza-
tion/modifications are crucial for improved biocompatibil-
ity and enhanced targeting capabilities. Various methods,
such as coating nanoparticles with biocompatible poly-
mers, attaching ligands, and altering surface charge, are
employed to enhance interactions between nanomaterials
and biological systems [84]. Functionalization facilitates
the attachment of targeted ligands for selective medica-
tion delivery or the incorporation of biodegradable compo-
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nents that can improve the body’s ability to release chemi-
cals [85]. State-of-the-art techniques, such as click chem-
istry, have facilitated the precise attachment of therapeutic
drugs or biomolecules to nanoparticle surfaces. These ad-
vancements have enhanced the efficiency of treatment and
have minimized effects on the off-target areas.

These successful discoveries were later backed
by recent broad reviews, such as those by Kulwade
et al. (2025), which have put forth the application of
Carbon-based nanostructures in tissue engineering, such
as skin, bone, cartilage, neural, cardiac, muscle, and
hepatic tissues. This review emphasized the versatil-
ity of carbon nanomaterials (including nano-diamonds,
CNTs, graphene, and fullerenes) and their favorable inter-
actions with biological systems, stem cell-based regenera-
tive strategies, and prospects for clinical translation [86].

5. Current Applications of
Nanotechnology in Biomaterials

5.1. Tissue Engineering

Nanoscale material design and development improve ma-
terial properties and functionalities, revolutionizing bio-
material applications in drug delivery, tissue engineer-
ing, and diagnostics. In tissue engineering, extracellu-
lar matrix (ECM) components and cell-cell/cell-ECM in-
teractions, including osteoprogenitor cell migration, re-
cruitment, proliferation, differentiation, matrix formation,
and bone remodeling, are observed under standard 2D
culture conditions. Researchers have manipulated me-
chanical properties (e.g., scaffold stiffness, strength, and
toughness) by creating nanostructures (e.g., incorporat-
ing nanoparticles or nanofibers into polymer matrices) to
mimic the natural nanocomposite structure of bone [87].
In 2002, Hutmacher et al. first reported the processing
of bioresorbable scaffolds for tissue engineering applica-
tions using FDM (Fused Deposition Modeling) [88]. The
key factors for an ideal scaffold for bone tissue engineer-
ing are: (i) macro- (pore size > 100 µm) and microporos-
ity (pore size < 20 µm); (ii) interconnected open poros-
ity for in vivo tissue in-growth; (iii) sufficient mechani-
cal strength and controlled degradation kinetics for proper
load transfer to the adjacent host tissue; (iv) initial strength
for safe handling during sterilizing, packaging, transporta-
tion to surgery, as well as survival through physical forces
in vivo; and (v) sterile environment for cell seeding [89].

5.1.1. Nanostructured Scaffolds

With the advent of technology, the design of a scaffold
that meets the requirements of a reproducible 3D culture

was brought to life. Hydrogels can be designed as soft
scaffolds for cell culture. The stiffness, swelling behav-
ior, and molecular mobility of their architecture are in-
fluenced by the type of cross-linking and the degree of
branching. The most prevalent types are polymeric gels,
composed of bioinspired units linked by covalent bonds,
and low-molecular-weight gelators (LMWGs), also called
supramolecular gels, which self-assemble through weak
non-covalent interactions [90]. The swelling capacity of
nanostructured hydrogel scaffolds in liquidmedia aids cell
entrapment and facilitates the transport of nutrients and
oxygen within the scaffolds. As a result, these scaffolds
can also give cells the support they need to remain dif-
ferentiated and proliferate [91]. Recent studies, such as
that by Sudheesh Kumar et al., have shown that chitin
can form hydrogen bonds with ceramics and polymers,
creating enhanced composites. Using freeze-drying, they
created 90-chitin hydrogel/nano-hydroxyapatite (nHAp)
nanocomposite scaffolds with interconnected pores and
70–80% porosity [92].

Resorbable ceramic scaffolds can be biphasic (con-
taining hydroxyapatite (HA) and tricalcium phosphate
(TCP)) or composed of HA or TCP alone. Due to
their larger surface area, nanocrystalline hydroxyapatite
(nHAp, Ca10(OH)2(PO4)6) powders have been shown to
exhibit superior sintering behavior and enhanced densifi-
cation, which can improve fracture toughness and other
mechanical properties. The mechanical and biocompat-
ibility of bone-grafting materials may be enhanced by
specially created nHAp composites [93]. For instance,
due to their larger surface area for cell adhesion and re-
duced crystallinity, HA nanoparticles coated on glasses
showed greater MG-63 cell attachment and proliferation
than micro-sized HA particles [94]. In a similar vein,
HA nanoparticles embedded in 3D PCL (polycaprolac-
tone) scaffolds have demonstrated increased calcium de-
position, alkaline phosphatase activity, attachment, and
proliferation (i.e., mineralization of MSCs, or mesenchy-
mal stem cells [95].

CNTs and nanofibers, with their electrical and me-
chanical properties, are promising for bone tissue engi-
neering. High porosity is essential for cell ingrowth and
nutrient/waste distribution, and electrical conductivity is
crucial for tissue regeneration. For example, an 80%/20%
(w/w) PLA/CNT composite showed optimal electrical
conductivity for bone formation, despite PLA’s insulat-
ing properties [96]. Cellular processes like adhesion, pro-
liferation, migration, and differentiation are sensitive to
material surface characteristics. Raffa et al. [97] showed
that PC12 cells adhered to nanometer-scale topography.
Conversely, Washburn et al. [98] reported that the prolif-
eration of MC3T3-E1 cells is sensitive to the nanoscale
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roughness of polymeric materials. Additionally, modifi-
cations to both the bulk structure and surface of materi-
als can influence the differentiation process. According
to some studies, the differentiation of H9c2 cells, their cy-
tocompatibility, proliferation, and adhesion are impacted
by the surface roughness of nanofilms with varying MNP
concentrations [99]. Adding MNPs to the nanofilms en-
hances the proliferation and cells’ adhesion without com-
promising their viability [100].

5.1.2. 3D Bioprinting of Nanomaterials

Ceramics, metals, and polymers are among the materials
proposed and employed as substitutes for natural bone
and cartilage at damaged sites. Advancements in stem
cell technology, 3D scaffold fabrication, and 3D print-
ing for in vitro implant construction are anticipated to ad-
dress current challenges in bone and cartilage repair. Scaf-
folds can be fabricated from natural polymers, which are
highly biodegradable and exhibit low immunogenicity. A
useful 3D macroporous nanofibrous (MNF) scaffold, for
instance, was created by Cai et al. for use in bone tis-
sue regeneration [101]. They observed hESC-MSC mor-
phology on the MNF scaffold, not spindle-like shapes,
and improved attachment. They also assessed in vivo
bone formation over six weeks. 3D bioprinting, an ad-
ditive manufacturing process, deposits bioinks and bio-
materials layer-by-layer [102]. This technology is fur-
ther separated into elective laser sintering, stereolithogra-
phy (SLA), powder-based printing (3DP), fused deposi-
tion modeling, and robocasting. Nanotechnology has ap-
plications in biotechnology and medicine across various
tissues. Bioactive glasses and nHA enhance bone regen-
eration. Nano-HA’s biocompatibility, bioactivity, and os-
teoconductivity make it valuable for orthopedic implants.
A study also showed nHA supports bone repair without
inflammation [103]. Cheng et al. found ZA had higher
binding to nHA (92%) than micro-HA (43%) [104].

5.2. Drug Delivery Systems

5.2.1. Role of Nanoparticles in Targeted Drug
Delivery

Nanotechnology has revolutionized drug delivery sys-
tems, offering innovative approaches to target diseases
with precision and efficiency. Nanoparticles, as key com-
ponents in these systems, provide numerous advantages
over traditional drug delivery methods. They can be engi-
neered for controlled release, targeting specific cells or tis-
sues, and overcoming biological barriers. In this section,
we will explore the role of nanoparticles in targeted drug
delivery, mechanisms of targeting, functionalization tech-

niques, and examples of nanomaterials used in drug deliv-
ery systems [105]. Drug delivery systems (DDSs) are de-
signed to administer biologically active agents via various
routes, including oral, topical, intravenous, and intravagi-
nal administration [106]. DDSs offer several advantages,
including reduced systemic toxicity, improved efficacy,
lower drug doses to achieve the same effect, shorter ad-
ministration times, and more consistent drug levels. The
primary application of DDSs lies in tissue engineering.
Additionally, they are employed in the treatment of dis-
orders such as osteomyelitis, osteoporosis, osteoarthritis,
and osteosarcoma. [107]. Nanoparticles have revolution-
ized drug delivery systems due to their small size, high sur-
face area, and modifiable surfaces, and are ideal carriers
for targeted drug delivery. Traditional drug administration
often results in drugs being distributed non-specifically
throughout the body, leading to side effects and reduced
therapeutic efficacy. Nanoparticles help overcome these
challenges by enhancing the bioavailability, biodistribu-
tion, and accumulation of therapeutics. They enable tar-
geted drug delivery to specific sites, increasing drug con-
centration where it is most needed while minimizing un-
desired systemic exposure [107].

Nanocarriers for Targeted Drug Delivery: Nanocar-
riers, including liposomes, polymeric nanoparticles, and
metallic nanoparticles, are widely used for delivering ther-
apeutic agents. These nanocarriers can encapsulate drugs,
protecting them from degradation and controlling their re-
lease over time. The surface of these nanocarriers can be
modified to enhance their ability to recognize and bind
to specific target cells, such as cancer cells or inflamed
tissues [108]. Figure 2 illustrates the primary categories
of nanocarriers utilized in cancer drug delivery, specif-
ically lipid-based, inorganic, and polymeric nanoparti-
cles [109]. Liposomes, for instance, are spherical vesicles
made of lipid bilayers that can carry both hydrophilic and
hydrophobic drugs. Polymeric nanoparticles, composed
of biodegradable polymers such as PLGA (polylactic-co-
glycolic acid), enable sustained drug release, whereas
metallic nanoparticles (e.g., gold or silver) are employed
for both drug delivery and diagnostic applications due to
their distinctive optical properties [110].

Mechanisms of targeting (passive and active targeting):
Nanoparticles can target diseased tissues through two
main mechanisms: passive and active targeting. Passive
targeting exploits the enhanced permeability and reten-
tion effect, particularly in cancerous tissues. Tumors
frequently display leaky vasculature and compromised
lymphatic drainage, which facilitates the accumulation of
nanoparticles within the tumor microenvironment. This
form of targeting does not require specific interactions
between nanoparticles and cells but relies on the natural
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characteristics of the tumor [111]. Active targeting in-
volves functionalizing the surface of nanoparticles with
ligands, such as antibodies, peptides, or small molecules,
which can specifically bind to receptors overexpressed on
the surface of target cells (e.g., cancer cells or inflamed
tissues). Active targeting enhances the precision of drug
delivery, ensuring that nanoparticles specifically interact

with diseased cells while sparing healthy cells [111]. Fig-
ure 3 illustrates and compares passive and active meth-
ods for delivering nanoparticles to tumors, highlighting
how passive targeting leverages the Enhanced Permeabil-
ity and Retention (EPR) effect, while active targeting re-
lies on specific molecular binding [109].

Figure 2: Primary categories of nanocarriers used in cancer drug delivery: (A) lipid-based, (B) inorganic, and (C) polymeric nanopar-
ticles (adapted from [109], Copyright © 2021 by the authors).

Functionalization of nanoparticles with ligands for
site-specific delivery: Functionalization of nanoparticles
with ligands is a critical strategy in active targeting. Lig-
ands, such as antibodies, peptides, or aptamers, can be
conjugated to nanoparticle surfaces to specifically rec-
ognize and bind target cell surface receptors. In cancer
therapy, nanoparticles can be functionalized with antibod-
ies targeting receptors like HER2 in breast cancer [112] or
EGFR in lung cancer, ensuring that the drug is delivered
directly to tumor cells [113]. Similarly, nanoparticles that
function with ligands that recognize inflamed tissues can
be used for diseases like rheumatoid arthritis. Ligand-
based targeting enables site-specific delivery, reducing
off-target effects and increasing the drug’s therapeutic
index [114]. Ligand-functionalized nanoparticles are cru-
cial for targeted drug delivery, enabling site-specific ther-
apies in cancer and inflammatory conditions. By attach-

ing ligands to nanoparticles, therapeutic agents can be
directed precisely to diseased tissues, enhancing efficacy
while minimizing systemic side effects. Nanoparticles
are functionalized through covalent or non-covalent bind-
ing of ligands, such as small molecules, antibodies, or
peptides [115]. These ligands selectively bind to recep-
tors or overexpressed antigens in target tissues, thereby
facilitating enhanced drug uptake by the target cells [116].
The actively targeted NPs, therefore, display an increased
degree of complexity. To potentially benefit from the ac-
tive targeting strategy, it is imperative that the specific
antigen be present and accessible on the targeted cells to
bind the NPs. It is also important that antigen localization
and expression remain adequate throughout the treatment.
In this context, identifying predisposed patients extends
beyond basic genetic profiling [117].
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Figure 3: Comparison of passive and active nanoparticle targeting to tumors. Passive targeting relies on the Enhanced Permeability
and Retention (EPR) effect, while active targeting employs molecules that specifically bind to tumor cells (adapted from [109],
Copyright © 2021 by the authors).

5.2.2. Controlled Release Mechanisms

One of the most important aspects of nanotechnology-
based drug delivery is the ability to control when and
where drugs are released. Nanoparticles can be engi-
neered to release their payload in response to a specific
stimulus, ensuring that the drug is released at the right time
and in the right place.

Nanomaterial-Based Smart Drug Release Mechanisms:
Smart drug delivery systems are designed to provide per-
sonalized release profiles, tailored to the severity of the
disease. Increased release in severe infections ensures
effective antimicrobial activity. These nanocarriers re-
main inactive during circulation, releasing their payload
only at the target site, enhancing drug efficacy and re-
ducing side effects [105,107]. For example, pH-sensitive
nanoparticles release their drug load in response to the
acidic environment found in tumors or inflamed tissues.
This ensures that the drug is not prematurely released in
normal tissues but only at the target site [107].

Nanocarriers respond to stimuli for controlled and
sustained drug release: Nanocarriers can be designed to
respond to various stimuli, enabling targeted and con-
trolled drug delivery. pH-sensitive nanocarriers, for ex-

ample, release drugs in acidic environments, such as those
found in tumors or inflamed areas, where even a slight pH
difference between healthy and diseased tissues can trig-
ger the drug release [108]. Temperature-sensitive nanocar-
riers, on the other hand, release drugs when exposed to
hyperthermic conditions, which can be induced exter-
nally through local heating or occur naturally in inflamed
or cancerous tissues [118]. Additionally, magnetic field-
responsive nanocarriers, such as those made from iron
oxide nanoparticles, can be directed to specific locations
using external magnetic fields. Once localized, these
nanoparticles can be heated using alternating magnetic
fields to trigger drug release, providing a non-invasive
approach for controlled drug delivery [119].

5.2.3. Targeting Mechanisms

Chemotherapeutic drug delivery is widely used, but the
toxicity of these drugs can cause severe side effects. Se-
lective tissue targeting is employed to mitigate these ef-
fects. The unique size of nanoparticles enables distinction
of cancer pathology and molecular biology, resulting in
preferential therapeutic targeting compared to traditional
treatments [120]. There are two kinds of targeted drug de-
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livery systems: (a) Active targeted drug delivery (smart
drug delivery) is based on ligand-receptor interactions. It
is based on a method that delivers a precise amount of
a therapeutic or diagnostic agent specifically to diseased
areas within the organ [121]. Drug-loaded nanoparticles
(NPs) functionalized with ligands recognize specific re-
ceptors or antigens on target cells, enabling controlled
drug distribution that reduces side effects on healthy tis-
sues, which is not achievable with traditional chemother-
apy [122], and (b) passive targeted delivery exploits the
enhanced permeability and retention (EPR) effect. Rapid
tumor growth leads to improperly formed blood vessels
and junctions, making them loose and leaky. Due to their
unique size, nanoparticles can pass through these loose
junctions, leading to preferential accumulation at the tu-
mor site over time. These phenomena are known as en-
hanced permeation and retention [123]. The behavior of
drugs and their specific affinity for the intratumoral envi-
ronment must be considered individually when designing
passively targeted nanoparticles, and the optimal drug re-
lease profiles should be determined on a case-by-case ba-
sis [117].

It becomes evident that passive targeting of nanopar-
ticles to diseased cells is more complex than it appears, as
therapeutics developed solely through passive pathways
may not realize the full potential benefits of nanoparticle-
based therapies. Patients who are inherently more respon-
sive to nanoparticles may receive more effective treat-
ment [124]. Although active targeting can significantly
enhance drug selectivity, challenges remain in identify-
ing suitable biomarkers for various diseases. In addition,
the biological complexity of receptor-mediated internal-
ization can have a decisive impact, particularly if the tar-
get ligand binds to receptors expressed on normal tissues
or immune cells [125]. Both active and passive targeting
mechanisms have their advantages regarding the design of
novel drug delivery systems. Passive targeting-essentially
through the EPR effect-is a relatively simple and efficient
approach, especially in the case of tumor targeting. How-
ever, it is often less specific, with changes in drug distribu-
tion. On the other hand, active targeting has greater speci-
ficity due to the use of ligand-receptor interactions, thus
allowing more precise delivery to target tissues. However,
it requires a very careful selection of appropriate targeting
ligands and consideration of off-target effects. Both mech-
anisms offer more effective and less toxic treatments, and
ongoing research is focused on optimizing these strategies
for additional clinical applications [126].

Cancer targeting: Cancer cells often display unique
surface markers, making them ideal targets for ligand-
functionalized nanoparticles. Common targets include re-
ceptors such as EGFR (Epidermal Growth Factor Recep-

tor), HER2 (Human Epidermal Growth Factor Receptor
2), folate receptors, and transferrin receptors. For ex-
ample, folate receptor-targeted nanoparticles have shown
promise in delivering chemotherapeutic agents to ovarian
and breast cancers [127].

Inflammatory Tissue Targeting: Ligand-functionali-
zed nanoparticles targeting inflammation-specific mark-
ers, such as integrins and selectins, benefit inflamma-
tory diseases like rheumatoid arthritis and inflammatory
bowel disease [128]. The primary advantage of ligand-
functionalized nanoparticles is their ability to enhance the
specificity and selectivity of drug delivery, thereby min-
imizing off-target effects and improving therapeutic out-
comes. However, challenges remain in the conjugation
process, including the need for precise control over ligand
density and orientation, and potential immune responses
that may hinder nanoparticles’ efficacy [129].

5.3. Regenerative Medicine

The use of nanotechnology in regenerative medicine,
which aims to replace or repair damaged tissues and or-
gans, has been extremely beneficial. Nanomaterials can
be employed to deliver genetic material for tissue regener-
ation, enhance stem cell activity, and modify the cellular
microenvironment [130].

5.3.1. Stem Cell Engineering with Nanomaterials

Stem cell therapy holds potential for treating a vari-
ety of diseases, but controlling stem cell differentiation
and ensuring proper tissue regeneration remain challeng-
ing. Nanomaterials enable the creation of controlled mi-
croenvironments that promote stem cell differentiation.
While regulating stem cell development and ensuring tis-
sue regeneration are challenging, stem cell therapy holds
promise for treating various diseases.

Gene delivery by nanoparticles encourages stem cell
differentiation: Nanoparticles can be used as carriers to
deliver genes or growth factors that promote stem cell
differentiation. By introducing genes like BMP (bone
morphogenetic protein) or VEGF (vascular endothelial
growth factor) into stem cells, nanoparticles can direct
their differentiation into specific lineages, including bone,
cartilage, or vascular tissues [131–134].

Role of nanomaterials in creating niche environments
for stem cells in regenerative medicine: Nanomaterials
can mimic the extracellular matrix (ECM) to create niche
environments that support stem cell proliferation and dif-
ferentiation. For instance, nanofibrous scaffolds enhance
tissue regeneration by providing both physical support
and pharmacological cues that influence cell behavior.
Nanotechnology has also been utilized in gene therapy,
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enabling the delivery of geneticmaterial, such as CRISPR/
Cas9 or siRNA, to target cells for gene editing [135].
Nanocarriers, including lipid and polymeric nanoparticles,
deliver these systems to target tissues, enabling gene mod-
ification for conditions such as cancer, genetic disorders,
and viral infections. By leveraging the surface topography
and chemical composition of biomaterials, researchers
can influence cell behavior to promote tissue regeneration.

Additionally, nanostructured biomaterials are particularly
effective in promoting the regenerating tissues like bone,
cartilage, and nerves, leading to applications in regenera-
tive medicine [136]. Figure 4 provides a detailed illustra-
tion of a surgical process involving the insertion and secur-
ing of a spiral-shaped scaffold, composed of chitosan, cel-
lulose, and nano-hydroxyapatite, designed to mimic natu-
ral tissue for bone defect repair [137].

Figure 4: Surgical procedure for scaffold implantation: (a) the general procedure, (b) bone defect in a rabbit’s radius, (c) scaffold
insertion and fixation, and (d) spiral-shaped scaffold composed of chitosan, cellulose, and nano-hydroxyapatite, mimicking natural
tissue architecture (reprinted with permission from [137], Copyright © 2013 ACS publishing group).
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5.4. Biosensing and Diagnostics

5.4.1. Fundamental and Diverse Applications of
Nanomaterial-Enhanced Biosensors

Biosensors are innovative engineering instruments with a
wide range of technological uses. Additionally, biosen-
sors are used to monitor environmental pollution, detect
toxic elements, identify biohazardous bacteria or viruses
in organic matter, and measure biomolecules in clinical
diagnostics [138,139]. The high specificity of biological
recognition processes and the sensitivity of electrochemi-
cal transducers, as demonstrated by low detection limits,
are combined in electrochemical biosensors, a subclass of
chemical sensors [140,141]. A biological recognition el-
ement found in these devices selectively reacts with the
target analyte to generate an electrical signal correlated

with the analyte’s concentration under study [142–144].
The general workflow for constructing sensors and biosen-
sors, particularly those utilizing nanomaterials, involves
combining the detection sample with bioreceptors conju-
gated to nanomaterials, resulting in a signal response, as
illustrated in Figure 5 [145]. Many studies have investi-
gated using transducers that are physically similar to the
target species to create sensitive biosensors [146]. As
a result, pathogen detection has been studied using elec-
trodes that range in size from micrometers to nanome-
ters. The creation of nanoscale structures of conducting
and semiconducting materials through a variety of bottom-
up and top-down nanomanufacturing techniques, includ-
ing nanowires, has prompted research into nanostructured
electrodes for pathogen detection, even though nanoscale
planar electrodes are among the most frequently studied
for this purpose [146,147].

Figure 5: Schematic representation of the steps in constructing sensors and biosensors that utilize nanomaterials (adapted from [145],
Copyright © 2022 by the authors).

A wide range of measurements is described by optical
transduction (e.g., Raman, surface enhanced Raman, re-
fraction, dispersion spectrometry, fluorescence, phospho-
rescence, absorption, etc.). A wide range of optical char-
acteristics can be measured using any of these spectro-
scopic methods. Amplitude, energy, polarization, decay
time, and/or phase are some of these characteristics [148].

For example, changes in the local environment surround-
ing the analyte, its intramolecular atomic vibrations (i.e.,
the energy of the electromagnetic radiationmeasured), can
frequently be inferred from their energy. Another appli-
cation of optical nanosensors in biological measurements
is the development of calcium ion-sensitive nanosensors,
which have been used to monitor calcium ion fluctuations
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in smooth vascular muscle cells during stimulation [149].
Despite their luminescence potential, dendrimers are
rarely used for sensing. For instance, Lebedev et al. cre-
ated luminescent dendrimers with a porphyrin core (either
as a metal complex or as a free base). The fluorescence of
a metal-free porphyrin (pKa = 6.3) and the phosphores-
cence of a metalloporphyrin (pH = 0–100 percent air sat-
uration) demonstrated their suitability for measuring pH
and oxygen [150]. However, a high degree of non-specific
binding and the fact that many substances can function as
quenchers can compromise the use of QDs in optical sen-
sors.

5.4.2. Nanomaterial-Based Biosensors in Specific
Diagnostic Applications

There is an urgent need for highly sensitive techniques to
measure cancer diagnosis markers that are present at ex-
tremely low levels in the preliminary stages of the disease.
Current diagnostic procedures (e.g., G. ELISA) are insuffi-
ciently sensitive and identify proteins at concentrations in-
dicative of more advanced disease stages [151,152]. Var-
ious detection techniques, including oligonucleotide mi-
croarrays, nanoparticle probes, microfluidic protein chips
and arrays, and nanobio chips, have been reported, even
though they involve numerous biomarkers [153]. The de-
velopment of biosensors has historically focused primarily
on electrochemical devices. Only a small percentage of
biosensors and aptasensors among cancer detection tools

are capable of quantitative analysis. An aptasensor de-
veloped by Wang’s research group enables the quantifica-
tion of platelet-derived growth factor BB (PDGF-BB), a
specific protein associated with cancer that is often mea-
sured only qualitatively [154]. This portable, sensitive
nano-based aptasensor offered quick detection for early
cancer diagnosis. A very low LOD of roughly 0–11 fM
was produced by the large amount of loading aptamers
on magnetic nanoparticles, the CX reaction that released
zinc ions, and the fragments of disported DNA. Similarly,
Zhao et al. developed a novel aptasensor by immobiliz-
ing graphene/dual-labeled aptamers onto a glassy carbon-
modified electrode [155]. The linear range was from 3.16
× 10−16Mto 3.16× 10−12Mdot. Carcinoembryonic anti-
gen (CEA), a glycoprotein with an aberrant amount, is a
significant tumor marker that is closely related to cancer
detection. A nano-based electrochemical CEA biosensor
was constructed using one-pot synthesis in a study con-
ducted by Jang and colleagues [156]. In this work, mul-
tidimensional polymer nanotubes with conductive quali-
ties were prepared using 3-carboxylate polypyrrole. A
quick reaction (less than 1 s) with ultrasensitive detection
was seen by binding between CEA aptamers and the amid
groups of multidimensional polymer nanotubes immobi-
lized on the electrode surface.

For a summary of recent advancements and spe-
cific examples of nanomaterials and their applications in
biomedical research, refer to Table 1.

Table 1: A Few recent works on nanomaterials used in biomedical research.

Material Fabrication
Technique Properties Outcomes Ref

Nanocomposite of
poly (ecaprolactone)
(PCL) and silica

Solvent casting
Composite
nanoparticle
scaffold

When compared to pure PCL, silica
improved the mechanical

characteristics of mesenchymal stem
cells or marrow stromal cells (MSCs)
grown on PCL composites without
sacrificing their biocompatibility.

[157]

PLGA/nHA Solvent casting/
particulate leaching

Composite scaffolds
with nHA crystal

When compared to PLGA controls,
osteoblasts grown on PLGA/nHA
composites produced more bone.

[158]

Chitosan/nHA

To induce HA
growth, freeze-dry
followed by a
change in pH

Composite scaffold
contacting nHA

crystal

MG-63 adhesion, spreading, and
proliferation on chitosan/nHA

composites were higher after 21 days
compared to chitosan controls.

[159]
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Table 1: Cont.

Material Fabrication
Technique Properties Outcomes Ref

PLGA/MWCNT Electrospinning Composite fiber

Compared to the PLGA control, there
was an increase in BMSC attachment
after 24 h and proliferation after 5 days
of culture on composite scaffolds.

[160]

PPF/PF-DA/CNT
composite

Particulate
leaching/thermal
crosslinking

CNT
homogeneously
distributed into
porous material

At 4 and 12 weeks, nanocomposite
scaffolds showed positive soft and
hard tissue responses. A three-fold

increase in bone tissue ingrowth at 12
weeks appeared in flaws that included
nanocomposite scaffolds, in contrast
to scaffolds made of control polymers.
Furthermore, the 12-week samples
revealed decreased density of
inflammatory cells and elevated
connective organization of tissues.

[161]

Polyamide HA
composite

Particle leaching
and phase separation

Allogenic BMSCs
coupled with porous
scaffolds containing

nanoscale HA
crystals

In the early post-implantation phase,
the composite with BMSCs

demonstrated improved osteogenesis,
osteoconductivity, and high

biocompatibility.
At the late stage following

implantation, the effects of the
composite with or without BMSCs on

osteogenesis were comparable.

[162]

Ti alloy Anodization process Nanotube/ nanorods High osseointegration and corrosion
resistance [163]

Co-Cr-Mo alloys
tantalum

Microemulsion
technique and heat

treatments

Nanostructure and
nanoparticle

Excellent biocompatibility and
anticorrosive behavior, as well as high
resistance to wear and corrosion.

[164]

CNF/polycaprolactone/
mineralized HA

Electrochemical
deposition

Nanofibrous
scaffolds

High cell viability, good adhesion
strength, elastic modulus, and
suitability for load-bearing

applications

[165]

CNT/alumina
ceramic composites Stirring Ceramics and

nanotubes

It improves the mechanical
characteristics, and in bone

implantation testing, the composite
showed good bone tissue compatibility
and connected directly to new bone

[166]

Graphene/HA
composites

Spark plasma
sintering

Nanosheets
reinforced
composites

Improvements in apatite
mineralization, osteoblast adhesion,
and fracture toughness of about 80%

as compared to pure HA

[167]

Aluminum
oxide-coated Ti

alloy

Oxide magnetron
sputtered coating

In vivo and in vitro
systems

High corrosion resistance and the
hydrophilic nature of the coated

surface contribute to good
biocompatibility.

[168]
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6. Challenges and Limitations of
Nanomaterials in Biomaterials

Although nanomaterials have significantly advanced bio-
materials research, particularly in drug delivery and regen-
erative medicine, their use presents several challenges and
limitations. These challenges span multiple areas, includ-
ing biocompatibility, manufacturing, regulatory frame-
works, and environmental considerations. Understand-
ing and addressing these issues is critical to fully realiz-
ing the potential of nanomaterials in biomedical applica-
tions [169].

6.1. Issues Related to Biocompatibility
and Toxicity

One of the most significant challenges in using nanomate-
rials with biomaterials is ensuring their biocompatibility
and minimizing toxicity. Due to their interactions with bi-
ological systems at cellular andmolecular levels, the small
size and high surface reactivity of nanomaterials can some-
times lead to unintended biological effects [169]. Biocom-
patibility of nanomaterials refers to their ability to perform
their intended function within the body without eliciting
undesirable responses, such as immune reactions, inflam-
mation, or other adverse effects. Polymeric nanomaterials
are used in nanomedicine due to their biocompatibility and
biodegradability. These nanoparticles are considered ex-
cellent candidates for controlled drug delivery due to their
ability to achieve targeted drug release, protect the encap-
sulated payload, and prolong circulation time [169,170].
The toxicity of nanomaterials can adversely disrupt the
normal physiology of human and animal organs and tis-
sues. The interaction between nanomaterials and biolog-
ical matter is complex due to a lack of understanding of
the intracellular mechanisms and pathways. Furthermore,
accumulating knowledge of nanoparticle-cell interactions
indicates that cells uptake nanoparticles via active or pas-
sive mechanisms. All metallic nanomaterials (NMs) can
induce an inflammatory response, depending on their com-
position, size, and shape [170].

6.2. Challenges in Manufacturing and
Scalability

6.2.1. Precision and Consistency

Achieving desired therapeutic effects with nanomaterials
requires precise control over their size, shape, surface
properties, and composition. Precise targeting of infected
or cancerous cells is another challenge, as the biodistribu-
tion of nanoparticles within the bodymay not always align
with therapeutic objectives, leading to off-target effects.

Small variations in these parameters can lead to signifi-
cant performance differences, hindering consistent large-
scale production [171]. Scalability and cost-effectiveness
of nanobiomaterial production are critical challenges that
must be addressed to ensure widespread accessibility.

6.2.2. Scalability

Many nanoparticle synthesis methods, such as chemical
vapor deposition or electrospinning for nanofibers, are
difficult to scale up for industrial production. Batch-to-
batch variability, high production costs, and low yields
are common issues when attempting to produce nano-
materials in larger quantities for clinical or commercial
use. This presents a barrier to the widespread adoption
of nanomaterial-based biomaterials, particularly in cost-
sensitive markets like healthcare.

6.2.3. Regulatory Hurdles and Safety Concerns

The introduction of nanomaterials into the medical field
also faces substantial regulatory challenges. Regulatory
agencies, such as the U.S. Food and Drug Administration
(FDA) and the European Medicines Agency (EMA), have
stringent guidelines for the approval of new medical prod-
ucts, and nanomaterials present unique regulatory hurdles
due to their novel properties.

6.2.4. Unclear Regulatory Pathways

Traditional frameworks are inadequate to address nanoma-
terial complexities. For instance, the behavior of nanoma-
terials in biological systems differs significantly from that
of bulk materials, and there is currently no standardized
testing methodology for assessing the safety and efficacy
of nanoparticles. This can slow down the approval pro-
cess for nanomaterial-based products, as companies and
regulators must navigate uncharted territory to establish
the safety of these materials.

6.2.5. Safety Concerns

Long-term safety is a major concern for nanomaterials.
Regulatory agencies require comprehensive data on their
potential toxicity, biodistribution, and degradation prior to
approval for medical applications. The long-term effects
of nanomaterials in the body remain largely unknown, es-
pecially for non-biodegradable materials or those that ac-
cumulate over time. Ensuring nanomaterials do not in-
terfere with the immune system, cause unintended tissue
damage, or accumulate in non-target organs further com-
plicates regulatory approval [172].
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6.3. Environmental Impact and
Long-Term Stability

Nanomaterials, particularly those used in medical devices
and drug delivery systems, also raise concerns about their
environmental impact and long-term stability, both within
the body and in the external environment.

6.3.1. Environmental Impact

The manufacturing, use, and disposal of nanomateri-
als can have unintended environmental consequences.
Nanoparticles can enter the environment through wastew-
ater, manufacturing runoff, or medical waste, potentially
leading to environmental contamination. The environ-
mental behavior of nanomaterials, including their interac-
tions with ecosystems, degradation, and bioaccumulation,
remains incompletely understood. For example, metallic
nanoparticles, such as silver or titanium dioxide, widely
used for their antimicrobial properties, may pose risks to
aquatic life or disrupt microbial ecosystems if released
into water supplies [173].

6.3.2. Long-Term Stability

In biomedical applications, the long-term stability of nano-
materials is essential for their safety and efficacy. Some
nanomaterials, such as biodegradable polymers, are de-
signed to break down over time, while others, like metal-
lic nanoparticles, are intended to remain stable. However,
non-biodegradable nanomaterials can accumulate in tis-
sues or organs over time, leading to potential long-term
toxicity. The degradation products of some nanomateri-
als, such as metal ions released from metallic nanoparti-
cles, can have toxic effects [173,174].

7. Recent Innovations, Advances,
and Challenges

7.1. Breakthroughs in Nanomaterials for
3D Bioprinting

Recent advances in nanomaterials, especially in bioink de-
velopment, have greatly enhanced 3D bioprinting tech-
nologies. To improve the mechanical properties, bio-
compatibility, and functionality of bioinks, nanomateri-
als such as graphene, nanosilicates, and carbon nanotubes
have been incorporated. For example, nanocellulose-
based inks have emerged as viable substitutes due to their
structural similarity to extracellular matrices, which sup-
port cell survival and proliferation [175,176]. Further-
more, it has been demonstrated that adding nanoparti-
cles improves the hydrogels’ printability and structural

stability, enabling the production of intricate tissue ar-
chitectures [177]. The integration of 3D bioprinting and
nanotechnology has enabled the development of smart
bioinks that respond to environmental cues and have also
been applied in 4D bioprinting [178]. The integration
of nanotechnology has advanced bioprinting by enhanc-
ing the mechanical and biological properties of printed
scaffolds and enabling the creation of dynamic tissue ar-
chitectures capable of post-printing transformations [179].
The diverse range of biofunctional nanoparticles, includ-
ing ceramic, metallic, polymeric, and carbon-based types,
along with their integration into biopolymers and cells
for various 3D bioprinting methods (such as inkjet, laser-
assisted, extrusion-based, and stereolithography) to create
nanocomposite structures, is comprehensively illustrated
in Figure 6 [180]. Furthermore, it is noticeable that nano-
materials have introduced transformative changes in tis-
sue engineering when incorporated into 3D bioprinting
and have opened up to advanced approaches for the de-
velopment of regenerative medicine.

7.2. Smart and Stimuli-Responsive
Nanomaterials

Nanomaterials are increasingly developed as smart,
stimuli-responsive systems, capable of responding to ex-
ternal stimuli such as light, pH, and temperature. Ad-
vances in this field include polymeric micelles for stimuli-
responsive drug delivery, which can release therapeutic
agents in a controlled manner and have significantly im-
proved drug delivery and cancer therapy [181]. These
nanocarriers can be designed to respond to specific biolog-
ical triggers, enhancing their effectiveness and minimiz-
ing adverse effects [182]. Figure 7 further elaborates on
this, demonstrating how various stimuli (exogenous like
temperature, light, and ultrasound, and endogenous like
enzymes, ROS, and glucose) are leveraged with differ-
ent types of nanoparticles (polymeric, lipid-based, meso-
porous silica, dendrimers, and gold nanoparticles) for ther-
apeutic drug delivery in diverse ailments such as periodon-
titis, inflammatory bowel diseases, rheumatoid arthritis,
atherosclerosis, and diabetes mellitus [183].

Self-assembled peptide nanoparticles have demon-
strated significant potential in biological applications,
serving as versatile platforms for targeted imaging and
therapy [181]. The potential of graphene-based nano-
materials to improve treatment outcomes through con-
trolled drug release in response to various stimuli has
also been reported [184]. The development of molecu-
larly imprinted nanomaterials has expanded the potential
of drug delivery systems and bioanalysis by enabling the
selective recognition of specific biomolecules using smart
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Figure 6: Schematic of 3D bioprinting of nanocomposite structures using ceramic, metallic, polymeric, or carbon-based nanomaterials
combined with biopolymers and cells via inkjet, laser-assisted, extrusion-based, or stereolithography methods (adapted from [180],
Copyright © 2023 by the authors).

Figure 7: Application of stimuli-responsive nanoparticles in the treatment of various ailments (reprinted with permission from [183],
Copyright © 2024 Wiley-VCH GmbH).
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systems [185,186]. All of these developments have con-
tributed to the creation of smart nanomaterials, enabling
novel approaches in therapeutic interventions, drug deliv-
ery systems, and diagnostic technologies.

7.3. Nanomaterial-Based
Immunomodulation

Today, immunomodulation strategies have greatly bene-
fited from the use of nanomaterials. These materials en-
hance the effectiveness of immunotherapy for diseases
such as autoimmune disorders and cancer. Recent re-
search highlights the applications of nanosystems for im-
munomodulatory purposes, which have potential for tar-
geted immune response for specific immune cells and
modification in the tumor microenvironment [187]. Ad-
vances in the delivery of immunotherapeutic agents have
enhanced these systems, addressing challenges such as in-
sufficient immune stimulation and off-target effects [188].
Nanomaterials designed to target lymphoid organs are en-
gineered to efficiently enhance immune responses and
enable targeted therapy for the treatment of inflamma-
tion and cancer [189]. Advancements in treatment out-
comes require extensively studied and improved nanoma-
terials that can modulate immune responses while simul-
taneously evading immune detection [190]. The incor-
poration of nanomaterials into current immunotherapeu-
tic strategies has improved the efficacy of checkpoint in-
hibitors and cancer vaccines [191]. Thus, the use of nano-
materials offers new opportunities for targeted therapies
and may enable breakthrough advancements in precision
medicine when integrated into immunomodulation strate-
gies.

7.4. Emerging Nanocomposite Designs

Recent research and developments in nanocomposites
have demonstrated transformative applications in fields
such as medicine, electronics, and energy storage. Re-
cent developments include ceramic-polymer nanocompos-
ites that combine the flexibility of polymer matrices with
the high permittivity of ceramic fillers, making them suit-
able for energy storage applications [192]. The improved
dielectric qualities of these composites are essential for
the creation of sophisticated capacitors and electrical de-
vices. Thermally drawn elastomer nanocomposites, devel-
oped for soft mechanical sensors, have shown significant
potential in robotics and health monitoring [193]. The pri-
mary focus of current research is the ability to tune the
electrical and mechanical properties of nanocomposites
through modified production methods. Lanthanide-doped
nanoparticles have been incorporated into nanocompos-
ites, enabling the design of diverse materials and opening

innovative approaches for cancer treatment and bioimag-
ing [194]. The architectural development of nanocompos-
ites has opened a way to create versatile materials having
a wide range of multisector usage.

7.5. Integration of Nanomaterials with
Digital and Computational Technologies

Integrating digital and computational technologies,
mainly machine learning and artificial intelligence (AI),
into nanomaterials development has shown significant ad-
vancement. Ongoing research has shown that algorithms
of AI are capable of optimizing designs for nanocom-
posites and have been identifying materials with desired
properties very quickly [195]. This has been highly sig-
nificant in reducing the time and cost associated with
conventional material discovery approaches. One compu-
tational approach for materials optimization is a Bayesian
optimization-based, data-driven design framework, devel-
oped to simultaneously determine the composition and
microstructure of nanocomposites, thereby enhancing
performance across a wide range of applications [196].
There has been growth in the production of nanomateri-
als and also in their characterization by using machine
learning, which highlights the relation between material
characterization and processing parameters. Microflu-
idic technology, known for its precise control over the
properties of synthesized materials, is further enhanced
through machine learning algorithms and in-line charac-
terization tools [197]. Today, the design and application
of nanomaterials across various domains have become
more innovative and efficient through the integration of
nanotechnology with digital and computational technolo-
gies. Several challenges remain in integrating AI into
nanomaterials research, including the scarcity of consis-
tent, high-quality datasets for training AI models. In some
cases, there is also a complete lack of datasets in the case
of many nanomaterial investigations, leading to misclas-
sification or inaccurate material prediction [198].

7.6. Challenges in Integrating Advanced
Technologies Such as AI into
Nanomaterials Research

There are several challenges in the integration of AI in
the research and development of nanomaterials that need
a proper solution for successful results.

One of the challenges is the transparent interpreta-
tion of AI models and the potential for model bias. AI
models can be influenced by training data bias and may
not fully capture the diversity of nanomaterials, poten-
tially affecting prediction accuracy. Moreover, AI algo-
rithms are complex and generally show difficulty in inter-
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pretation, and complicate the result validation [199]. An-
other challenge arises when integrating AI with existing
researchworkflows, as incorporatingAI into conventional
nanomaterial development methods can be difficult, limit-
ing the effective application of this technology [200]. The
incorporation of AI in nanotechnology raises several reg-
ulatory and ethical concerns. Specifically, it is related to
potential impact on environmental safety, sustainability,
and self-learning abilities. Ensuring responsible develop-
ment in this field is important to address [198]. More-
over, the computational demands for advancing AI can
be substantial and require readily available resources for
research [201]. Although AI and machine learning hold
significant potential in nanomaterials research, addressing
challenges through collaboration, the development of stan-
dardized datasets, and computational advancements is es-
sential to fully harness this technology.

8. Proposed Future Advancements
and Research Directions

8.1. Designing Next-Generation
Multifunctional Nanomaterials

The advancements today in the field of nanomaterials
with multifunctionalities are focused greatly on combin-
ing several different properties to challenge the com-
plex problems in the biomedicine sector, environmen-
tal science application, energy sector etc. there have
been cutting edge development in Carbon-metal nanohy-
brids (CMNHs), which exhibit improved electrical and
optical properties which are termed very critical for en-
ergy harvesting and environmental remediation technolo-
gies [202]. Polymer-based nanoparticles are at the fore-
front of development for photothermal therapy and have
also demonstrated effectiveness in stimuli-responsive de-
signs, enhancing their therapeutic potential [203]. More-
over, hollow nanostructures have gained popularity in
drug delivery due to their high drug-loading capacity
and versatility, making them well-suited for biomedical
applications [204]. Future research should explore 2D
nanomaterials for cellular-level applications, leveraging
their unique properties to develop innovative cellular con-
structs [205]. Furthermore, integration of artificial intel-
ligence (AI) into designing nanomaterials would bring
about a significant increase in the development of new
materials, which also enhance their properties and can be
used for application in clean energy [206]. Scalability and
reproducibility remain fundamental challenges for these
materials, making their resolution critical for the commer-
cialization of advanced nanomaterials.

8.2. Enhancing Safety Profiles and
Reducing Toxicity

As the applications of nanomaterials continue to expand,
safety has become an increasingly important concern. Re-
cent research emphasizes the need for safer-by-design
methodologies that integrate safety assessments into the
design process to mitigate potential risks [207]. While
functionalized silver and gold nanoparticles have shown
promise in biomedical applications, further research is
necessary to fully elucidate their toxicity mechanisms and
enhance biocompatibility [208]. Novel approaches, such
as machine learning, are being used to enhance risk as-
sessment and safety profiling of nanomaterials and to im-
prove predictions of their interactions with biological sys-
tems [209]. Furthermore, advancements in solid-state bat-
teries utilizing nanomaterials highlight the importance of
improving safety through enhanced mechanical and ther-
mal stability [210]. Future studies should focus on devel-
oping comprehensive frameworks for assessing nanoma-
terial safety to ensure their responsible use in consumer
products and medical applications.

8.2.1. Application of Bioinspired and Biomimetic
Nanomaterials

Bioinspired nanomaterials, which leverage natural pro-
cesses for innovative applications, are emerging as a
transformative concept in nanotechnology. Recent ad-
vancements in biomolecular self-assembly have facili-
tated the creation of hierarchical nanomaterials with spe-
cific functionalities for energy and environmental appli-
cations [211]. Enhancing biocompatibility and multi-
functionality, the incorporation of bioinspired nanomate-
rials into micro/nanodevices has demonstrated consider-
able promise in biomedical domains [212]. Research on
protein-guided biomimetic nanomaterials, with a focus
on drug delivery and disease therapy, is expanding. In
addition, the development of cephalopod-inspired nano-
materials for thermal and optical control demonstrates
the adaptability of bioinspired material designs, which
are versatile for applications in both medical technology
and sensing [213]. Research should focus on exploring
bio-inspired, multifunctional nanomaterials capable of ad-
dressing global challenges in environmental sustainability
and healthcare [214,215].

9. Conclusions and Future
Outlook

Nanotechnology has become a cornerstone of recent ad-
vances in materials science in recent times. It has revo-
lutionized research on biomaterials, with unprecedented
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progress in material properties, their applications, biolog-
ical interactions, and therapeutic applications. The incor-
poration of nanomaterials has enhanced properties across
various domains, including biosensors, medical implants,
tissue engineering scaffolds, and drug delivery systems.
Despite numerous breakthroughs, several challenges per-
sist for nanomaterials, including toxicity, long-term bio-
compatibility, large-scale manufacturing, and regulatory
concerns. These issues require the establishment of stan-
dardized test protocols to increase safety profiles, opti-
mize manufacturing strategies, and ensure the efficiency
and reliability of nanomaterial-based biomaterials. Some
work in this regard has already started in the European
Union, but it is still in the initial stages before an industry-
wide regulation can become a norm. In the coming years,
research in nanotechnology and biomaterials will focus
on developing intelligent, multifunctional nanomaterials
with precise monitoring of biological interactions. Ad-
vanced and emerging technologies in computer science,
such as machine learning and artificial intelligence, can
play a pivotal role in the development of novel biomateri-
als. They can support the design of biomaterials tailored
for specific medical applications. Similarly, biomimetic
nanomaterials can also help in regenerative medicine. The
adoption of green synthesis strategies for nanomaterials
and biodegradable nanocomposites synthesis will further
reduce the environmental impact and improve the long-
term stability of these materials. Similarly, enhancing the
biocompatibility and antibacterial properties of medical
implants can reduce complications and improve long-term
success. Nano-enabled point-of-care testing and wear-
able biosensors can enable early disease detection and
real-time health monitoring. This will promote preventive
health care practices. With each innovation, nanotechnol-
ogy is going to drive advances in medicine and shape the
future of biomaterials.
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