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Abstract: Nanomaterials have emerged as transformative tools in the biomedical field due to
their distinct physical and chemical properties. This review delves into the synthesis,
classifications, and applications of nanomaterials, emphasizing advancements in drug delivery,
bioimaging, and diagnostics. Unique aspects include a focused discussion on sol-gel synthesis
methods and recent trends in nanomaterial applications for personalized medicine. The review
concludes with a future perspective on overcoming challenges such as toxicity and regulatory
issues, paving the way for sustainable biomedical innovations.
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1. Introduction

Nanomaterials are materials that exhibit unique properties due to their
nanometer size, typically ranging from 1 nm to 100 nm [1]. These materials can be
organic, inorganic or a combination of both and are known as organometallic
materials. The importance of nanomaterials lies in their outstanding physical
properties, such as plasmonic, magnetic, catalytic, mechanical and fluorescent
properties, and their high electrical conductivity [2]. These distinctive properties have
led to the development of high-performance biosensors with applications in various
sensing platforms, including optical, electrical and electrochemical systems.
According to their morphology, nanomaterials are classified into various types such
as nanoparticles (NPs), nanofibers, nanotubes, nanowires, nanohelices, nanosheets,
nanopillars, nanobelts, nanospheres, and nanopyramids [3]. Moreover, conductive
nanomaterials for transparent conductors are categorized as carbon-based
nanomaterials, metal-based nanomaterials and hybrid nanomaterials [4]. These
classifications show the diverse nature of nanomaterials and their applications in
different fields. In terms of size, nanomaterials can also be categorized into low-
dimensional nanomaterials such as quantum dots (QDs), carbon nanotubes (CNTS),
graphene, MXenes, semiconductor nanowires (NWSs) and transition metal disulfides
(TMDs) [5]. These low-dimensional nanomaterials play important roles in various
applications, including human-machine interactions and biosensor technologies.
Moreover, nanomaterials have been extensively investigated in this study for their
applications in different sectors. For example, carbon-based nanomaterials have been
used in fluorescence polarization-based biosensors showing various formats and
structures such as graphene oxide, carbon nanotubes, fullerenes, and
carbon/graphene quantum dots [6]. However, nanomaterials have been used in
diverse fields such as liquid chromatography, gas sensors and biomedical
applications, demonstrating their versatility and potential impact in different
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disciplines [7-9]. Nanomaterials represent a broad class of materials with unique
properties attributed to their nanoscale dimensions. Their various classifications
based on morphology, dimensionality and composition are characterized by their
role in technological advances in many fields, from biosensors to energy storage and
environmental improvement.

As a result, the types and properties of nanomaterials can be summarized as in
Table 1, and the usage areas and applications of nanomaterials can be summarized
as in Table 2.

Tablel. Nanomaterial types and properties.

Nanomaterial Type  Morphology Features

Nanoparticles (NPs)  Spherical Plasmonic, magnetic, catalytic, mechanical, fluorescent properties, high electrical conductivity
Nanofibers Fibrous High surface area, mechanical durability

Nanotubes Tubular Electrical conductivity, mechanical durability, lightness
Nanowires Wires High aspect ratio, electronic features

Nanohelices Helical Unique optical and magnetic properties

Nanosheets Layers High surface area, mechanical durability

Nanopillars Columns Mechanical and optical properties

Nanobelts Strips Electrical conductivity, flexibility

Nanospheres Spherical High surface area, mechanical and optical properties
Nanopyramids Pyramids Unique optical and magnetic properties

Table 2. Nanomaterial usage areas and applications.

Nanomaterial Type

Area of Use

Example applications

Carbon Based Nanomaterials

Metal Based Nanomaterials
Hybrid Nanomaterials
Quantum Dots (QDs)

Carbon Nanotubes (CNTSs)

Graphene

MXenes

Semiconductor Nanowires (NWSs)
Transition Metal Disulfides (TMDs)

Silica nanoparticles, polymer coated
nanoparticles

Transparent conductors, biosensors

Electronics, catalysis, energy storage
Multifunctional applications
Optoelectronics, bioimaging

Electronics, energy storage, composite
materials

Electronics, energy storage, biosensors
Electronics, energy storage
Electronics, optoelectronics

Electronics, photocatalysis

Liquid chromatography

Graphene oxide, carbon nanotubes, fullerene,
carbon/graphene quantum dots

Metal nanoparticles, metal oxide nanoparticles, gas sensors
Organic-inorganic compounds, metal-organic frameworks
CdSe quantum dots, InP quantum dots

Electronics, supercapacitors, nanocomposite materials, gas
sensors

Graphene sheets, graphene oxide, reduced graphene oxide
TizC2 MXene, Nb2C MXene

Silicon nanowires, GaN nanowires

MoS,, WS

Analytical chemistry, biomedical applications

This review stands out for its comprehensive comparison of nanomaterial
synthesis methods, with a particular emphasis on the sol-gel process and its unique
advantages in biomedical applications. Additionally, it explores recent advancements
in nanomaterials tailored for personalized medicine and diagnostics, addressing gaps
in existing literature. The review provides a detailed examination of different
nanomaterial types, their synthesis methods, and their biomedical applications,
highlighting both their benefits and challenges. Finally, the paper discusses potential
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future applications and research directions, concluding with an overall evaluation of
the field and its prospects.

2. Types of nanomaterials

Different types of nanomaterials exhibit unique optical, electronic and
biological properties depending on their size and structural properties, with the
potential for wide-ranging applications in various fields such as biomedical imaging,
drug delivery, energy storage and electronics. When we consider these nanomaterials
one by one, their properties and applications are as follows. Quantum dots are zero-
dimensional nanomaterials with unique optical and electronic properties due to size-
dependent quantum confinement effects. They are used in various fields such as
biological imaging, solar cells, LEDs and quantum computing [10]. Nanorods and
nanowires are one-dimensional nanomaterials that find applications in fields such as
electronics, sensors, and catalysis due to their high aspect ratios and unique
properties [11]. Nanosheets and nanocubes are two-dimensional nanomaterials
whose properties are influenced by their shape, size and microstructure, which affect
their chemical and physical properties [12,13]. Carbon nanomaterials encompass a
variety of structures such as graphene, carbon nanotubes and fullerenes, each with
different properties and applications in areas such as electronics, energy storage and
composite materials [14]. Liposomal nanomaterials are lipid-based nanoparticles
used for drug delivery due to their ability to encapsulate both hydrophilic and
hydrophobic drugs, increase their bioavailability and target specific tissues [15].
Polymer-based nanomaterials are used for drug delivery, tissue engineering and
coatings due to their biocompatibility, tunable properties and ability to encapsulate
drugs or molecules for controlled release [16]. Metal-based nanomaterials such as
nanocubes, nanorods and nanospheres are used in catalysis, sensing and biomedical
applications due to their unique physical and chemical properties [17,18].
Fluorescent silicon-based nanomaterials are used in biological imaging, sensors and
optoelectronics due to their tunable emission properties and biocompatibility [19].
Hydrogels are three-dimensional hydrophilic polymer networks used in drug
delivery, wound healing and tissue engineering due to their high water content and
biocompatibility [20]. Polymer dots are fluorescent polymer nanoparticles used in
biological imaging and sensing applications due to their brightness, photostability
and biocompatibility [21]. Magnetic nanoparticles exhibit magnetic properties and
are used in applications such as magnetic resonance imaging, drug delivery and
hyperthermia cancer therapy due to their magnetic response [22]. Micelles and
dendrimers are nanostructures used in drug delivery and gene therapy due to their
ability to encapsulate drugs or nucleic acids and target specific cells [23]. Lipid
nanoparticles are lipid-based carriers used in drug delivery to improve drug
solubility, stability and bioavailability [15]. Semiconductor quantum dots are
nanocrystals with semiconducting properties used in displays, solar cells and
biological imaging due to their size-tunable optical properties [10]. TiO:
nanoparticles find applications in photocatalysis, sunscreen and environmental
improvement due to their photocatalytic activity and stability [24]. Nanoclay is a
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type of nanomaterial used in composites, packaging and drug delivery due to its high
surface area and barrier properties [23].

As a result, the types and properties of all mentioned nanomaterials can be
summarized as in Table 3, and the types of nanomaterials and their application
examples can be summarized as in Table 4.

Table 3. Nanomaterial types and properties.

Nanomaterial Type

Size/Morphology

Features

Quantum Dots
Nanorods and Nanowires

Nanosheets and Nanocubes

Carbon Nanomaterials

Liposomal Nanomaterials

Polymer Based Nanomaterials

Metal Based Nanomaterials

Fluorescent Silicon-Based
Nanomaterials

Hydrogels

Polymer Dots
Magnetic Nanoparticles

Micelles and Dendrimers
Lipid Nanoparticles
Semiconductor Quantum Dots
TiO2 Nanoparticles

Nanoclay

Zero dimensional
One dimensional

Two dimensional

Various structures

Nanoparticles

Nanoparticles
Various structures
Nanoparticles

Three dimensional

Nanoparticles
Nanoparticles

Nanostructures
Nanoparticles
Nanocrystals
Nanoparticles

Nanomaterials

Optical and electronic properties, size-dependent quantum confinement effects
High aspect ratio, unique electronic and optical properties
Chemical and physical properties influenced by shape, size and microstructure

Different structures (graphene, carbon nanotubes, fullerenes) for electronics, energy
storage, composite materials

Ability to encapsulate both hydrophobic and hydrophilic drugs, increasing
bioavailability

Biocompatible, tunable properties, ability to encapsulate drugs or molecules for
controlled release

Physical and chemical properties, catalysis, sensors and biomedical applications
Adjustable emission properties, biocompatible

High water content, biocompatible, drug release, wound healing, tissue engineering
Brightness, photostability, biocompatible

Magnetic properties, magnetic resonance imaging, drug transport, hyperthermia cancer
treatment

Ability to encapsulate drugs or nucleic acids, targeting specific cells

Improving drug solubility, stability and bioavailability

Size tunable optics, displays, solar cells, biological imaging

Photocatalytic activity, stability, photocatalysis, sunscreen, environmental remediation

High surface area, barrier properties, composites, packaging, drug release

Table 4. Nanomaterial types and application areas.

Nanomaterial Type

Application area

Example applications

Quantum Dots

Nanorods and Nanowires
Nanosheets and Nanocubes
Carbon Nanomaterials
Liposomal Nanomaterials

Polymer Based Nanomaterials
Metal Based Nanomaterials

Fluorescent Silicon-Based
Nanomaterials

Hydrogels

Biological imaging, solar cells, LEDs, quantum

computing

Electronics, sensors, catalysis

Electronics, energy storage, biosensors
Electronics, energy storage, composite materials
Transporting medicine

Drug delivery, tissue engineering, coatings

Catalysis, sensors, biomedical applications

Biological imaging, sensors, optoelectronics

Drug delivery, wound healing, tissue engineering

CdSe quantum dots, InP quantum dots

Silicon nanowires, GaN nanowires

Graphene, MoS2, WS:

Graphene oxide, carbon nanotubes, fullerenes
Liposomal drug delivery systems

Polymer-coated nanoparticles, biomedical coatings
Gold nanoparticles, silver nanoparticles, metal oxide
nanoparticles

Fluorescent silicon nanoparticles

Biocompatible hydrogels
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Table 4. (Continued).

Nanomaterial Type

Application area

Example applications

Polymer Dots
Magnetic Nanoparticles

Micelles and Dendrimers

Lipid Nanoparticles
Semiconductor Quantum Dots

TiO2 Nanoparticles

Nanoclay

Biological imaging, sensor applications

Magnetic resonance imaging, drug delivery, hyperthermia cancer
treatment

Drug delivery, gene therapy
Transporting medicine

Displays, solar cells, bioimaging

Photocatalysis, sunscreen, environmental remediation

Composites, packaging, drug delivery

Fluorescent polymer nanoparticles
Iron oxide nanoparticles

Dendrimers, micellar structures
Lipid-based drug carriers

CdSe quantum dots, InP quantum
dots

TiO2 nanoparticles

Nanoclay composites

The sol-gel method is highlighted due to its versatility in synthesizing
nanostructured materials with enhanced properties for biomedical applications, such
as improved corrosion resistance and thermal stability. Compared to other methods,
the sol-gel process offers precise control over material composition and structure,
although challenges such as scalability and cost remain.

3. Synthesizing nanomaterials

The synthesis of nanomaterials encompasses a variety of methods, each with
unique properties and applications. One of the common methods is the sol-gel
process, a wet chemical method used to synthesize nanostructures, particularly metal
oxide nanoparticles [25]. Chemical vapor deposition (CVD) is another technique in
which thin films are deposited from vapor phase precursors onto a substrate,
allowing precise control over the composition and structure of the film [26]. Sol-gel
processes have been widely used to produce nanostructured inorganic films that
exhibit improved resistance to oxidation, corrosion, erosion and abrasion along with
good thermal and electrical properties [27]. However, sol-gel methods have been
used to produce coatings, porous glasses and optical components and to join porous
materials [28]. Biological synthesis methods offer an innovative approach to
nanomaterial synthesis. For example, encapsulation of cytochrome c in silica aerogel
nanomachines without metal nanoparticles has been achieved while maintaining gas
phase bioactivity [29]. Furthermore, the sol-gel process has been used to prepare
highly porous, homogeneous and hybrid thin film materials for supercapacitor
electrode applications, demonstrating the versatility of this method in
electrochemical applications [30]. Innovative synthesis methods also include the use
of sol-gel coatings to improve the corrosion resistance of materials such as
magnesium alloys [31]. In addition, modification of silane-based sol-gel coatings has
been investigated to improve the corrosion resistance of magnesium alloys through
various approaches such as incorporating nanoparticles, corrosion inhibitors and
composite coatings [31]. These developments reveal the importance of continuous
research and development of new techniques to tailor nanomaterial properties for
specific applications. Consequently, the synthesis of nanomaterials involves a wide
variety of methods such as sol-gel processes, CVD, biological synthesis and other
innovative techniques. Each method offers unique advantages and applications,
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contributing to the various processes of nanomaterial synthesis and opening new
roads for tailored materials with improved properties [32].

As a result, all mentioned nanomaterial synthesis methods can be summarized
as in Table 5, and the Sol-gel method and its applications can be summarized as in
Table 6.

Table 5. Nanomaterial synthesis methods.

Synthesis Method Definition

Features and Applications

Sol-Gel Method .
nanoparticles

Chemical Vapor Thin film deposition; Film formation from vapor phase

Deposition (CVD) precursors
Biological Synthesis

Wet chemical method; production of metal oxide Oxidation, high corrosion resistance, erosion and wear

resistance, precise control over composition.

Composition and structure control, thin film coatings.

Nanomaterial production using biological materials Silica airgel nanomachines, gas phase bioactivity.

Methods

- L . . . Customized material properties.
Other Innovative Various innovative methods; Microwave-assisted . . . . .
Methods synthesis, green synthesis methods [33] Rapid and precise nanomaterial synthesis. Eco-friendly

approaches using plants or microorganisms.

Table 6. Sol-Gel method and applications.

Application area

Detail

Nanostructured Inorganic Films

Oxidation, corrosion, erosion and wear resistance, good thermal and electrical
properties

Coatings, Porous Glass and Optical Components Production of coatings, porous glasses and optical components

Gas Phase Bioactivity
Supercapacitor Electrode Applications

Corrosion Resistance Improvement

Nanoparticle, Corrosion Inhibitors and Composite

Coatings

Silica airgel nanomachines with gas-phase bioactivity without metal nanoparticles
Highly porous, homogeneous and hybrid thin film materials

Sol-gel coatings to increase corrosion resistance of magnesium alloys

Various approaches to improve the corrosion resistance of magnesium alloys

4. Biomedical applications of nanomaterials

Nanomaterials play important roles in various biomedical applications due to
their unique properties. In drug delivery systems, nanomaterials are used to improve
the efficiency and specificity of drug delivery to target sites [34]. They can improve
targeted drug delivery, solubility, bioavailability and drug retention time, thereby
reducing side effects and drug toxicity risks [34]. Nanomaterials such as
nanoparticles, nanogels and nanorods have revolutionized medicine, especially in the
fields of drug delivery, bioimaging and theranostics [35]. These materials facilitate
the delivery of anti-cancer drugs directly to tumor tissues, opening new opportunities
in oncology [36]. For imaging and diagnostics, nanomaterials are used to develop
contrast agents that enhance imaging techniques such as Magnetic Resonance
Imaging (MRI), Computed Tomography (CT) scans and fluorescence imaging [37]
[38]. Nanomaterials with unique biophotonic properties show promise in biomedical
applications for imaging and diagnosis [39]. However, nanomaterials can be
engineered to combine drug delivery with other therapeutic approaches such as
photothermal therapy to enhance imaging and diagnostic capabilities [40].
Theranostics, combining therapy and diagnostics, is an emerging field in which
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nanomaterials play an important role. Nanomaterial-based drug delivery systems can
respond to specific stimuli in the tumor microenvironment and enable targeted drug
delivery and treatment monitoring through imaging techniques [41]. Nanomaterials
have been successfully applied in theranostics by developing smart drug delivery
systems that respond to temperature changes in the tumor microenvironment and
improve cancer treatment outcomes [41]. In tissue engineering, nanomaterials are
used to create scaffolds that mimic the extracellular matrix, promoting cell growth
and tissue regeneration [42]. Nanomaterials have been used in tissue engineering to
develop advanced drug delivery systems that can also support tissue regeneration
[43]. Nanomaterials offer promising properties for medical applications in tissue
engineering, providing superior platforms for drug delivery and tissue regeneration
[40]. In antimicrobial applications, nanomaterials such as quaternary ammonium
compounds (QACs) have been widely used due to their excellent antimicrobial
activity [44]. These materials have shown potential in eliminating biofilms and
combating infections [44]. Nanomaterials can be tailored to effectively target and
eliminate microbial pathogens, making them valuable in antimicrobial applications
[44]. In cancer therapy, nanomaterials are widely used in drug delivery systems to
enhance the delivery of anti-cancer drugs to tumor tissues [45]. Furthermore,
nanomaterials have been used to combine different cancer treatments such as
radiotherapy, chemotherapy and immunotherapy to improve therapeutic outcomes.
Nanomaterial-based drug delivery systems have shown promise in improving the
efficacy of cancer treatment while minimizing side effects [45]. For gene therapy,
nanoparticles are used as carriers to deliver genetic material to cells for therapeutic
purposes. Nanoparticles have been functionalized to create drug delivery systems
that can precisely target and deliver therapeutic agents for gene therapy, improving
treatment efficacy. Nanoparticles play an important role in gene therapy by
facilitating the delivery of genetic material to specific cells for therapeutic
interventions.

As a result, biomedical applications of nanomaterials can be summarized as in
Table 7, drug delivery systems and Theranostics in Table 8, imaging and diagnostic
applications as in Table 9, and tissue engineering and antimicrobial applications as
in Table 10.

Table 7. Biomedical applications of nanomaterials.

Application area

Nanomaterial Types Features and Benefits

Drug Delivery Systems

Imaging and Diagnostics

Therapeutics and Diagnostics
(Theranostics)

Tissue Engineering

Antimicrobial Applications

Cancer Therapy

Gene Therapy

Nanoparticles, nanogels, nanorods

Nanomaterial-based systems

Quaternary ammonium
compounds (QACs)

Nanoparticles

Targeted drug delivery, increased solubility and bioavailability,
reduced side effects

Nanomaterials (MRI, CT, Contrast agents that improve imaging techniques, biophotonic
fluorescence) properties

Targeted drug delivery, smart drug systems that respond to the tumor
microenvironment

Nanomaterials Scaffolds that promote cell growth and tissue regeneration

Excellent antimicrobial activity, eliminating biofilms

Targeted anti-cancer drug delivery, combined treatment methods
(radiotherapy, chemotherapy)

Nanoparticles Delivering genetic material to cells, increasing treatment effectiveness
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Table 8. Drug delivery systems and theranostics.

Application area Explanation

Drug Delivery

Systemns Nanomaterials increase the targeted delivery, solubility, bioavailability and residence time of drugs.

In this field where treatment and diagnosis are combined, nanomaterials provide smart drug systems that respond to

Theranostics o
specific stimuli.

Table 9. Imaging and diagnostic applications.

Imaging Technique Nanomaterial Types Features and Benefits

MRI (Magnetic Resonance Imaging) Nanoparticles Contrast enhancing agents provide clear and detailed images.
CT (Computed Tomography) Nanoparticles Contrast agents highlight tissue differences.

Fluorescent Imaging Nanomaterials with biophotonic properties High precision imaging, monitoring of biological processes.

Table 10. Tissue engineering and antimicrobial applications.

Application area Nanomaterial Types Features and Benefits

Tissue Engineering Nanomaterials S_caffolds, advar_lced drug delivery systems that promote cell growth and
tissue regeneration

Antimicrobial Quaternary ammonium compounds £, oyjent antimicrobial activity, eliminating biofilms, fighting infections

Applications (QACs) Y, g » T1gnting

5. Advantages and challenges of nanomaterials

Nanomaterials offer various advantages in different fields. They have been
shown to increase therapeutic efficacy, improve bioavailability, enable targeted
delivery and reduce side effects in drug delivery systems [46]. In addition,
nanomaterials provide superior efficacy, bioavailability, safety and personalization
compared to conventional therapies [47]. Their modular tunability allows the
addition of functionalities that assist in diagnostics, imaging, drug delivery, therapy
and monitoring of patient response [48]. In agriculture, nano-fertilizers and nano-
pesticides enable controlled release of agrochemicals, maximizing biological
effectiveness without overdose [49]. Nanomaterials also play an important role in
environmental applications such as removing pollutants from contaminated soils and
water [50]. However, the use of nanomaterials comes with challenges. One major
concern is their toxicity. Nanomaterials, especially carbon nanomaterials, have raised
toxicity concerns due to their potential application as drug nanocarriers, especially in
drug delivery systems [51]. Toxicity issues extend to various nanomaterials,
including iron oxide nanoparticles, which are widely used in the biomedical field
[52]. The toxicity of zero- and one-dimensional carbon nanomaterials has also been a
topic of research, emphasizing the importance of understanding the possible adverse
effects of these materials [53]. Moreover, the neurotoxicity of nanomaterials,
especially those with dimensions smaller than 100 nm, is a major concern in terms of
human health and environmental impacts [54]. Regulatory and ethical issues
surround the use of nanomaterials. The increase in the application of engineering
nanomaterials across industries raises safety concerns regarding human health and
environmental impacts, necessitating safer design approaches [55]. Assessing the
bioaccumulation, pharmacokinetics and potential toxicity of novel nanomaterials is
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crucial before mass production or clinical use [56]. However, assessment of
nanomaterial toxicity is essential for regulatory agencies to evaluate environmental
and health risks and guide the development of safer nanomaterials and products [57].
In conclusion, while nanomaterials offer a wide range of advantages in drug delivery,
agriculture, environmental improvement and other fields, their use comes with
challenges related to toxicity, regulatory oversight and ethical considerations.
Addressing these challenges through rigorous toxicity assessments, safer design
approaches and ethical considerations is critical to ensure human health and
environmental safety while harnessing the full potential of nanomaterials.

As a result, the advantages of nanomaterials can be summarized as in Table 11,
the difficulties of nanomaterials in Table 12, and the general summary of the
advantages and difficulties of nanomaterials in Table 13.

Table 11. Advantages of nanomaterials.

Application area

Explanation

Drug Delivery Systems
General Medical Applications
Diagnostics and Imaging
Agriculture

Environmental Applications

Increasing therapeutic efficacy, improving bioavailability, targeted delivery, reducing side effects [43]

Superior efficacy, bioavailability, safety and personalization [44]

Diagnosis, imaging, drug delivery, treatment and patient response monitoring with modular adjustability [45]
Controlled agrochemical release with nano-fertilizers and nano-pesticides, maximizing biological efficiency [46]

Removal of pollutants from contaminated soil and water [47]

Table 12. Challenges of nanomaterials.

Challenges

Detail

Toxicity, Neurotoxicity and
Toxicity Assessment
Iron Oxide Nanoparticles

Zero- and One-Dimensional
Carbon Nanomaterials

Regulatory and Ethical
Issues

Bioaccumulation and
Pharmacokinetics

Toxicity concerns when nanomaterials, especially carbon nanomaterials, are used as drug carriers [48], human
health and environmental effects of nanomaterials, especially smaller than 100 nm in size [51], assessment of
environmental and health risks, guiding the development of safer nanomaterials and products [54]

Despite their widespread use in the biomedical field, toxicity problems [49]

The importance of understanding possible adverse effects [50]

Safety concerns regarding human health and environmental impacts, the need for safer design approaches [52]

Bioaccumulation and potential toxicity assessment of new nanomaterials before mass production or clinical use
[53]

Table 13. Overview of advantages and challenges of nanomaterials.

Category Advantages challenges

Medical Therapeutic efficacy, bioavailability, targeted delivery, diagnostics, Toxicity, neurotoxicity, regulatory and ethical
Applications imaging, personalization [43-45] issues [48-54]

Agriculture Controlled agrochemical release, biological activity [46] -

Environment Removal of pollutants [47] -

6. Future perspective for nanomaterials

Emerging trends in nanomaterials research encompass a wide range of exciting
developments. Recent advances in the synthesis of micro- and nanoparticles have
created opportunities in diverse fields such as catalysis, plasmonics, sensors, drug
delivery and nanomedicine [58]. Nanomaterials are increasingly being explored for
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their potential in personalized medicine with applications in neurological diseases,
cancer treatment, tissue regeneration and drug delivery systems [59]. The use of
nanomaterials in energy, wastewater treatment and biomedical applications is
increasing with a focus on environmentally friendly synthesis methods, long-term
environmental impacts and physicochemical properties tailored for specific
applications [60-62]. Innovations in the synthesis and application of nanomaterials
are expected to continue to evolve. Scalable synthesis methods are crucial to provide
significant amounts of high-quality nanomaterials with tunable properties [63].
Carbon-based hollow nanomaterials have attracted interest due to their unique
structure and promising applications [64]. Strategies such as wet chemical synthesis
and microwave-assisted synthesis increase control over the size, shape, and
composition of nanomaterials, facilitating their incorporation into various
applications [65]. Overcoming current challenges in nanomaterials research includes
identifying compositions and structures, developing reliable synthesis methods,
designing safer nanomaterials, and maximizing their benefits in products [66].
Nanomaterials are being explored for their role in green supply chains and
environmental sustainability by utilizing their unique properties for sustainable
solutions to environmental challenges [67]. The controlled synthesis of complex
hollow nanostructures offers additional functionalities to be explored in various
applications [68]. As a result, nanomaterials research is advancing rapidly with a
focus on personalized medicine, energy applications, environmental improvement,
and innovative synthesis methods. The future of nanomaterials has great potential to
address current challenges and open new avenues for applications in various fields.

As a result, the future perspectives of nanomaterials can be summarized as in
Table 14, innovative syntheses and methods in Table 15, future challenges and
solutions in Table 16, and future application areas in Table 17.

Table 14. Future perspectives of nanomaterials.

Fields Developments and Applications

Catalysis Creating new opportunities with recent developments in microparticle and nanoparticle synthesis [58]
Plasmonic More effective plasmonic applications with advanced nanomaterials [58]

Sensors Development of high sensitivity sensors with innovative nanomaterials [58]

Drug Delivery and
Nanomedicine

Potential for use in personalized medicine for cancer treatment, neurological diseases and tissue regeneration [59]

Energy and Wastewater Energy and wastewater treatment applications considering environmentally friendly synthesis methods and long-
Treatment term environmental impacts [60-62]
Green Supply Chains Using nanomaterials for environmentally friendly solutions [67]

Environmental Sustainability Nanomaterials offer sustainable solutions with their environmentally friendly properties [67]

Table 15. Innovative synthesis methods and applications.

Synthesis Methods

Apps and Features

Scalable Synthesis Methods
Carbon-Based Hollow Nanomaterials

Significant production of high-quality nanomaterials with tunable properties [63]
Attracting attention due to their unique structure and promising applications [64]

Wet Chemical Synthesis and Microwave Assisted Providing greater control over the size, shape and composition of nanomaterials

Synthesis
Complex Hollow Nanostructures

[65]
Exploration in various applications by offering additional functionalities [68]

10
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Table 16. Future challenges and solutions.

challenges

Answers

Determining Composition and Structure
Developing Reliable Synthesis Methods
Designing Safer Nanomaterials

Maximizing Benefits in Products

Identifying and optimizing the composition and structure of nanomaterials [66]
Development of reliable and reproducible synthesis methods [66]
Designing safe and effective nanomaterials [66]

Maximizing the benefits of nanomaterials in products [66]

Table 17. Future application areas.

Fields Developments and Potential Applications
Personalized Medicine Use of nanomaterials for cancer treatment, neurological diseases and tissue regeneration [59]
Energy Energy applications with environmentally friendly synthesis methods [60]
Environmental Remediation Nanomaterials offer sustainable solutions to environmental challenges [67]
Innovative Synthesis Methods Development of scalable, reliable and controllable synthesis methods [63,65]
7. Discussion

Nanomaterials have become a valuable tool in biomedical applications due to
their unique properties and versatility. Carbon-based nanomaterials such as graphene,
graphene oxides and carbon nanotubes have attracted attention due to their potential
in developing medical devices [69]. These materials show promise in various
biomedical fields, including diagnostics, therapeutics, and tissue engineering [70].
Nanomaterials are being investigated for stem cell responses, drug delivery and
regenerative medicine applications in concert with biological components in the
body [71]. The future of nanomaterials research in biomedicine looks promising with
continuous advances in multifunctional nanomaterials for various biomedical uses
[72]. Nanomaterials are also being investigated for controlled drug delivery,
bioimaging, biosensor and therapeutic applications [73]. However, research on
nanomaterials for cancer treatment and other medical therapies is advancing and
nanostructured materials have the potential to transform healthcare [74]. Moreover,
the integration of nanomaterials with other technologies, such as photosensitive
DNA nanomaterials and metallic nanomaterials, creates new opportunities for
efficient biological imaging, drug delivery and tissue engineering [75,76]. Strategic
design and functionalization of nanomaterials, including silver and gold
nanomaterials, are enhancing diagnostic and therapeutic capabilities for biomedical
applications [77]. In addition, the use of composite nanomaterials is expanding the
scope of diagnostic and therapeutic procedures for various diseases [78].
Nanomaterials offer significant potential to revolutionize biomedical applications by
providing tailored solutions for drug delivery, imaging, therapy and tissue
engineering. The interdisciplinary nature of nanomaterials research, combined with
ongoing innovations in materials design and functionalization, is paving the way for
a new era of personalized and precision medicine.

As a result, the use of nanomaterials in biomedical applications can be
summarized as in Table 18, the advantages of nanomaterials and their role in
biomedical applications in Table 19, and future perspectives in Table 20.

11
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Table 18. Use of nanomaterials in biomedical applications.

Application area Nanomaterial

Type Usage and Potential Applications

Disease Diagnosis,
Treatment and Imaging Nanomaterials

. . . Photosensitive
Biological Imaging

Drug Distribution Carbon Based Nanomaterials

Regenerative Medicine Carbon Based Nanomaterials

Silver and Gold Nanomaterials, Increasing diagnostic and treatment capabilities [77], Expanding diagnostic
Composite Nanomaterials, Carbon Based and treatment procedures of various diseases [78], Use in diagnosis,

treatment and tissue engineering [69,70].

DNA Nanomaterials and  New opportunities for bioimaging, drug delivery and tissue engineering

Metallic Nanomaterials [75,76].

Controlled drug delivery and regenerative medicine applications with
biological components [71,73].

Investigation of stem cell responses and tissue engineering applications
[71].

Cancer Treatment Nanostructured Materials Potential of nanomaterials in cancer treatment [74].

Table 19. Advantages of hanomaterials and their role in biomedical applications.

Advantages and Application Areas

Detail

Drug Distribution

Biological Imaging and Diagnostics
Therapeutic Applications
Biosensor Development
Bioscaffold Development
Antimicrobial Properties

Diagnostic Kits

Increasing drug effectiveness and reducing side effects in targeted areas [69].
Improving image quality and accuracy [69,73].

Providing innovative solutions in cancer treatment and other disease management [74].
Developing biosensors that detect biomolecules with high sensitivity [69,77].

Creating bioscaffolds that promote cell growth [69,71].

Preventing infections and accelerating wound healing [69,73].

Playing an important role in the development of rapid and accurate diagnostic kits [69,73].

Table 20. Future perspectives.

Future Trends and Innovations

Detail

Personalized Medicine
Environmental Sustainability
Multifunctional Nanomaterials

Strategic Design and Functionalization

Use of nanomaterials in personalized and precision medicine [72,73].
Environmentally friendly synthesis methods and consideration of long-term environmental impacts [73].
Continuing development of multifunctional nanomaterials for biomedical use [72,73].

Strategic design and functionalization of silver and gold nanomaterials for diagnosis and therapy [77].

In short, nanomaterials are attracting attention due to the various advantages
they offer in biomedical applications. In drug delivery systems, these materials
increase drug efficacy at targeted sites and reduce side effects. In biological imaging
and diagnostics, nanomaterials improve image quality and accuracy. In therapeutic
applications, they offer innovative solutions in cancer treatment and other disease
management. Nanomaterials also develop biosensors that detect biomolecules with
high sensitivity, create bioscaffolds that promote cell growth, and improve contrast
and performance in medical imaging techniques. Thanks to their antimicrobial
properties, they prevent infections and accelerate wound healing. They also play an
important role in the development of fast and accurate diagnostic kits. In the future,
advances in nanomaterials research could open the door to a new era in personalized
medicine and precision medicine. Therefore, extensive research and application of
nanomaterials in the biomedical field is going on full speed, and more innovations
and discoveries are expected in this field.
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8. Conclusion

Nanomaterials offer unparalleled opportunities in advancing biomedical
applications. Their ability to enable targeted drug delivery, enhance imaging
techniques, and support tissue regeneration underscores their potential. However,
addressing challenges such as toxicity, regulatory compliance, and long-term
sustainability remains critical. Future research directions should focus on designing
safer and multifunctional nanomaterials that align with personalized medicine goals.

Conflict of interest: The author declares no conflict of interest.

References

1. Srivastava S, Bhargava A. Green Nanoparticles: The Future of Nanobiotechnology. Springer Singapore; 2022.

2. Leel, Adegoke O, Park EY. High-Performance Biosensing Systems Based on Various Nanomaterials as Signal Transducers.
Biotechnology Journal. 2018; 14(1). doi: 10.1002/biot.201800249

3. Damokhi A, Yousefinejad S, Fakherpour A, et al. Improvement of performance and function in respiratory protection
equipment using nanomaterials. Journal of Nanoparticle Research. 2022; 24(4). doi: 10.1007/s11051-022-05460-0

4.  McLellan K, Yoon Y, Leung SN, et al. Recent Progress in Transparent Conductors Based on Nanomaterials: Advancements
and Challenges. Advanced Materials Technologies. 2020; 5(4). doi: 10.1002/admt.201900939

5. Zhao X, Xuan J, Li Q, et al. Roles of Low-Dimensional Nanomaterials in Pursuing Human—Machine—Thing Natural
Interaction. Advanced Materials. 2023; 35(50). doi: 10.1002/adma.202207437

6. Zhang Y, Tang H, Chen W, et al. Nanomaterials Used in Fluorescence Polarization Based Biosensors. International Journal
of Molecular Sciences. 2022; 23(15): 8625. doi: 10.3390/ijms23158625

7. Beeram SR, Rodriguez E, Doddavenkatanna S, et al. Nanomaterials as stationary phases and supports in liquid
chromatography. Electrophoresis. 2017; 38(19): 2498-2512. doi: 10.1002/elps.201700168

8. Lun D, Xu K. Recent Progress in Gas Sensor Based on Nanomaterials. Micromachines. 2022; 13(6): 919. doi:
10.3390/mi13060919

9. Tang K, Xue J, Zhu Y, et al. Design and synthesis of bioinspired nanomaterials for biomedical application. WIREs
Nanomedicine and Nanobiotechnology. 2023; 16(1). doi: 10.1002/wnan.1914

10. CuiF, LiuJ, Zhang T, et al. Low-dimensional nanomaterials as an emerging platform for cancer diagnosis and therapy.
Frontiers in Bioengineering and Biotechnology. 2023; 11. doi: 10.3389/fbioe.2023.1101673

11. Xu M, Song Y, Wang J, et al. Anisotropic transition metal-based nanomaterials for biomedical applications. VIEW. 2021;
2(4). doi: 10.1002/viw.20200154

12. Zong M, Zhang X, Wang Y, et al. Synthesis of 2D Hexagonal Hematite Nanosheets and the Crystal Growth Mechanism.
Inorganic Chemistry. 2019; 58(24): 16727-16735. doi: 10.1021/acs.inorgchem.9b02883

13. Srinivasan V, Patnaik SG, Andar A, et al. Fractal Carbon Islands on Plastic Substrates for Enhancement in Directional and
Beaming Fluorescence Emission. ACS Applied Nano Materials. 2019; 2(10): 6103-6109. doi: 10.1021/acsanm.9b01535

14. loana Fort C, Cosmin Cotet L, Cristian Pop L, et al. Advanced Graphene-Based Materials for Electrochemical Biomarkers
and Protein Detection. Chemistry of Graphene - Synthesis, Reactivity, Applications and Toxicities. Published online June 26,
2024. doi: 10.5772/intechopen.114011

15. Gel, Su M, Gao C, et al. Application of Au cage/Ru(bpy)32+ nanostructures for the electrochemiluminescence detection of
K562 cancer cells based on aptamer. Sensors and Actuators B: Chemical. 2015; 214: 144-151. doi:
10.1016/j.snb.2015.03.020

16. Galizia M, Chi WS, Smith ZP, et al. 50th Anniversary Perspective: Polymers and Mixed Matrix Membranes for Gas and
Vapor Separation: A Review and Prospective Opportunities. Macromolecules. 2017; 50(20): 7809-7843. doi:
10.1021/acs.macromol.7b01718

17. Preston AS, Hughes RA, Demille TB, et al. Copper Template Design for the Synthesis of Bimetallic Copper—Rhodium

Nanoshells through Galvanic Replacement. Particle & Particle Systems Characterization. 2018; 35(5). doi:
10.1002/ppsc.201700420

13



Nano and Medical Materials 2024, 4(1), 2044.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Park SK, Kang YC. MOF-Templated N-Doped Carbon-Coated CoSe2 Nanorods Supported on Porous CNT Microspheres
with Excellent Sodium-lon Storage and Electrocatalytic Properties. ACS Applied Materials & Interfaces. 2018; 10(20):
17203-17213. doi: 10.1021/acsami.8b03607

Vashishtha P, Griffith BE, Brown AAM, et al. Performance Enhanced Light-Emitting Diodes Fabricated from
Nanocrystalline CsPbBr3 with In Situ Zn2+ Addition. ACS Applied Electronic Materials. 2020; 2(12): 4002-4011. doi:
10.1021/acsaelm.0c00827

Xu H, Xi K, Gao X, et al. Flexible Hybridized Nanogenerators Based on a Reduced Graphene Oxide Nanosheet-Decorated
Piezoceramic Skeleton to Impact Mechanical and Thermal Energy Harvesting. ACS Applied Nano Materials. 2023; 7(1):
1120-1129. doi: 10.1021/acsanm.3c05070

Si KJ, Guo P, Shi Q, et al. Self-Assembled Nanocube-Based Plasmene Nanosheets as Soft Surface-Enhanced Raman
Scattering Substrates toward Direct Quantitative Drug Identification on Surfaces. Analytical Chemistry. 2015; 87(10): 5263-
5269. doi: 10.1021/acs.analchem.5b00328

Etemadi H, Plieger PG. Magnetic Fluid Hyperthermia Based on Magnetic Nanoparticles: Physical Characteristics, Historical
Perspective, Clinical Trials, Technological Challenges, and Recent Advances. Advanced Therapeutics. 2020; 3(11). doi:
10.1002/adtp.202000061

Antolini E. Effect of Atomic Ordering on the Activity for Methanol and Formic Acid Oxidation of Pt-Based Electrocatalysts.
Energy Technology. 2019; 7(5). doi: 10.1002/ente.201800553

Ohara S, Yamamoto K. Synthesis of Tailor-Made Ceramic Nanocrystals by Organic Ligand-Assisted Hydrothermal Method.
Journal of the Japan Society of Powder and Powder Metallurgy. 2017; 64(3): 109-115. doi: 10.2497/jjspm.64.109

Bokov D, Turki Jalil A, Chupradit S, et al. Nanomaterial by Sol-Gel Method: Synthesis and Application. Wang Z, ed.
Advances in Materials Science and Engineering. 2021; 2021(1). doi: 10.1155/2021/5102014

Lee KJ, Yeh YT, Cheng HZ, et al. Friction and Wear Behaviors of Carbon Nanotube Reinforced Silica and Alumina Matrix
Composites Fabricated by Catalyst Sol-Gel and CVVD Process. Materials transactions. 2018; 59(2): 280-289. doi:
10.2320/matertrans.m2017266

Whelan M, Tobin E, Cassidy J, et al. Optimization of Anodic Oxidation of Aluminum for Enhanced Adhesion and Corrosion
Properties of Sol-Gel Coatings. Journal of The Electrochemical Society. 2016; 163(5): C205-C212. doi:
10.1149/2.0741605jes

Le Dizés Castell R, Mirzahossein E, Grzelka M, et al. Visualization of the Sol-Gel Transition in Porous Networks Using
Fluorescent Viscosity-Sensitive Probes. The Journal of Physical Chemistry Letters. 2024; 15(2): 628-635. doi:
10.1021/acs.jpclett.3c02634

Harper-Leatherman AS, Pacer ER, Kosciuszek ND. Encapsulating Cytochrome c in Silica Aerogel Nanoarchitectures
without Metal Nanoparticles while Retaining Gas-phase Bioactivity. Journal of Visualized Experiments. 2016; (109). doi:
10.3791/53802-v

Myasoedova TN, Kalusulingam R, Mikhailova TS. Sol-Gel Materials for Electrochemical Applications: Recent Advances.
Coatings. 2022; 12(11): 1625. doi: 10.3390/coatings12111625

Li J, Bai H, Feng Z. Advances in the Modification of Silane-Based Sol-Gel Coating to Improve the Corrosion Resistance of
Magnesium Alloys. Molecules. 2023; 28(6): 2563. doi: 10.3390/molecules28062563

Hegde V. The Multifaceted Applications of Al203 Nanoparticles in Biomedicine: A Comprehensive Review. International
Journal of Biomedical Engineering and Technology. 2024; 1(1). doi: 10.1504/ijbet.2024.10062831

Al-darwesh MY, Ibrahim SS, Mohammed MA. A review on plant extract mediated green synthesis of zinc oxide
nanoparticles and their biomedical applications. Results in Chemistry. 2024; 7: 101368. doi: 10.1016/j.rechem.2024.101368
Santos HA, Savina IN. Introduction to the RSC Advances themed collection on Nanomaterials in drug delivery. RSC
Advances. 2023; 13(3): 1933-1934. doi: 10.1039/d2ra90132c

Hayakawa N, Yamada T, Kitayama Y, et al. Cellular Interaction Regulation by Protein Corona Control of Molecularly
Imprinted Polymer Nanogels Using Intrinsic Proteins. ACS Applied Polymer Materials. 2020; 2(4): 1465-1473. doi:
10.1021/acsapm.9b01149

Wang Y, Santos A, Evdokiou A, et al. An overview of nanotoxicity and nanomedicine research: principles, progress and
implications for cancer therapy. Journal of Materials Chemistry B. 2015; 3(36): 7153-7172. doi: 10.1039/c5tb00956a
Cheng Z, Cui H, Xiao Q, et al. From Octahedron Crystals to 2D Silicon Nanosheets: Facet-Selective Cleavage and
Biophotonic Applications. Small. 2020; 16(45). doi: 10.1002/smll.202003594

14



Nano and Medical Materials 2024, 4(1), 2044.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Rezaei B, Yari P, Sanders SM, et al. Magnetic Nanoparticles: A Review on Synthesis, Characterization, Functionalization,
and Biomedical Applications. Small. 2023; 20(5). doi: 10.1002/smll.202304848

Moreira AF. Nanomaterials in Drug Delivery Applications. Nanomaterials. 2022; 12(20): 3565. doi: 10.3390/nan012203565
Wang Z, Wang S, Zhang X, et al. Temperature and Tumor Microenvironment Dual Responsive Mesoporous Magnetic
Nanospheres for Magnetothermal Effect-Induced Cancer Theranostics. CCS Chemistry. 2023; 5(2): 469-485. doi:
10.31635/ccschem.022.202201805

Mei X, Hu T, Wang Y, et al. Recent advancements in two-dimensional nanomaterials for drug delivery. WIREs
Nanomedicine and Nanobiotechnology. 2019; 12(2). doi: 10.1002/wnan.1596

Brezhnev A, Tang FK, Kwan CS, et al. One-Pot Preparation of Cetylpyridinium Chloride-Containing Nanoparticles for
Biofilm Eradication. ACS Applied Bio Materials. 2023; 6(3): 1221-1230. doi: 10.1021/acsabm.2c01080

Xu Y. Nanomaterials used in cancer treatment based on drug delivery system. Wang A (editor). Third International
Conference on Biological Engineering and Medical Science (ICBioMed2023); 2024.

Sun C, Tan Y, Xu H. From Selenite to Diselenide-Containing Drug Delivery Systems. ACS Materials Letters. 2020; 2(9):
1173-1177. doi: 10.1021/acsmaterialslett.0c00272

Zhang Z. Functionalized Nanoparticle Drug Delivery System Applied to the Diagnosis and Treatment of Tumor Cells. Shen
Y, Luo X, Liu Z, eds. BIO Web of Conferences. 2023; 72: 02013. doi: 10.1051/bioconf/20237202013

Chatterjee P, Dhibar S. Nanomaterial marvels: Pioneering applications and cutting-edge advancements in drug delivery.
Nano and Medical Materials; 2023.

Digiacomo L, Pozzi D, Palchetti S, et al. Impact of the protein corona on nanomaterial immune response and targeting ability.
WIREs Nanomedicine and Nanobiotechnology. 2020; 12(4). doi: 10.1002/wnan.1615

Bardhan N. Nanomaterials in diagnostics, imaging and delivery: Applications from COVID-19 to cancer. MRS
Communications. 2022; 12(6): 1119-1139. doi: 10.1557/s43579-022-00257-7

lavicoli I, Leso V, Beezhold DH, et al. Nanotechnology in agriculture: Opportunities, toxicological implications, and
occupational risks. Toxicology and Applied Pharmacology. 2017; 329: 96-111. doi: 10.1016/j.taap.2017.05.025

El-Ramady H, El-Henawy A, Amer M, et al. Agro-Pollutants and their Nano-Remediation from Soil and Water: A Mini-
Review. Environment, Biodiversity and Soil Security. 2020; 0(0): 0-0. doi: 10.21608/jenvbs.2020.47751.1111

Garriga R, Herrero-Continente T, Palos M, et al. Toxicity of Carbon Nanomaterials and Their Potential Application as Drug
Delivery Systems: In Vitro Studies in Caco-2 and MCF-7 Cell Lines. Nanomaterials. 2020; 10(8): 1617. doi:
10.3390/nan010081617

Tasso M, Huvelle MAL. Bessone ID & Picco AS. Toxicity assessment of nanomaterials. In: Sharma S, Javed Y (editors).
Magnetic Nanoheterostructures. Springer nature link; 2020.

Raja IS, Song SJ, Kang MS, et al. Toxicity of Zero- and One-Dimensional Carbon Nanomaterials. Nanomaterials. 2019; 9(9):
1214. doi: 10.3390/nan09091214

Boyes WK, van Thriel C. Neurotoxicology of Nanomaterials. Chemical Research in Toxicology. 2020; 33(5): 1121-1144.
doi: 10.1021/acs.chemrestox.0c00050

Hwang R, Mirshafiee V, Zhu Y, et al. Current approaches for safer design of engineered nanomaterials. Ecotoxicology and
Environmental Safety. 2018; 166: 294-300. doi: 10.1016/j.ecoenv.2018.09.077

Lee JY, Mushtaq S, Park JE, et al. Radioanalytical Techniques to Quantitatively Assess the Biological Uptake and In Vivo
Behavior of Hazardous Substances. Molecules. 2020; 25(17): 3985. doi: 10.3390/molecules25173985

Sarasamma S, Audira G, Juniardi S, et al. Evaluation of the Effects of Carbon 60 Nanoparticle Exposure to Adult Zebrafish:
A Behavioral and Biochemical Approach to Elucidate the Mechanism of Toxicity. International Journal of Molecular
Sciences. 2018; 19(12): 3853. doi: 10.3390/ijms19123853

Padnya P, Stoikov I. Design of Micro- and Nanoparticles: Self-Assembly and Application. Nanomaterials. 2022; 12(3): 430.
doi: 10.3390/nan012030430

Wang K, Zhu X, Yu E, et al. Therapeutic Nanomaterials for Neurological Diseases and Cancer Therapy. Journal of
Nanomaterials. 2020; 2020: 1-18. doi: 10.1155/2020/2047379

Yang Z, Zhang X, Zhang J, et al. Application of Biomass-Based Nanomaterials in Energy. Advanced Energy and
Sustainability Research. 2023; 4(12). doi: 10.1002/aesr.202300141

15



Nano and Medical Materials 2024, 4(1), 2044.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Ugwuanyi ED, Nwokediegwu ZQS, Dada MA, et al. The impact of nanomaterials in enhancing wastewater treatment
processes: A review. Magna Scientia Advanced Research and Reviews. 2024; 10(1): 273-285. doi:
10.30574/msarr.2024.10.1.0030

Navya PN, Daima HK. Rational engineering of physicochemical properties of nanomaterials for biomedical applications
with nanotoxicological perspectives. Nano Convergence. 2016; 3(1). doi: 10.1186/s40580-016-0064-z

Maity A, Polshettiwar V. Scalable and Sustainable Synthesis of Size-Controlled Monodisperse Dendritic Fibrous Nanosilica
Quantified by E-Factor. ACS Applied Nano Materials. 2018; 1(7): 3636-3643. doi: 10.1021/acsanm.8b00761

Zhang X, Zhang W, Li W. Preparation and application of carbon-based hollow structured nanomaterials. Characterization
and Application of Nanomaterials. 2022; 5(2): 83. doi: 10.24294/can.v5i2.1700

Basu DK, Das M, Kundu S. A Review of the Application of Nanotechnology in Different Spheres of Life Sciences.
International Journal of Research Publication and Reviews. 2023; 4(9): 2128-2143. doi: 10.55248/gengpi.4.923.92463
Hutchison JE. The Road to Sustainable Nanotechnology: Challenges, Progress and Opportunities. ACS Sustainable
Chemistry & Engineering. 2016; 4(11): 5907-5914. doi: 10.1021/acssuschemeng.6b02121

Nko Okina Solomon, Peter Simpa, Olubunmi Adeolu Adenekan, et al. Sustainable nanomaterials’ role in green supply chains
and environmental sustainability. Engineering Science & Technology Journal. 2024; 5(5): 1678-1694. doi:
10.51594/estj.v5i5.1136

Soares SF, Fernandes T, Daniel-da-Silva AL, et al. The controlled synthesis of complex hollow nanostructures and
prospective applications. Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences. 2019;
475(2224): 20180677. doi: 10.1098/rspa.2018.0677

Rajakumar G, Zhang XH, Gomathi T, et al. Current Use of Carbon-Based Materials for Biomedical Applications—A
Prospective and Review. Processes. 2020; 8(3): 355. doi: 10.3390/pr8030355

Shahazi R, Majumdar S, Saddam Al, et al. Carbon nanomaterials for biomedical applications: A comprehensive review.
Nano Carbons. 2023; 1(1): 448. doi: 10.59400/n-c.v1i1.448

Kerativitayanan P, Carrow JK, Gaharwar AK. Nanomaterials for Engineering Stem Cell Responses. Advanced Healthcare
Materials. 2015; 4(11): 1600-1627. doi: 10.1002/adhm.201500272

Srinath MK, R. A, Dwivedi SP, Gupta C, Ali HA, Lakhanpal S. Development of Multifunctional Nanomaterials and Devices
for Biomedical Applications. Swadesh Kumar S, ed. E3S Web of Conferences. 2023; 430: 01123. doi:
10.1051/e3sconf/202343001123

Shin Y, Song SJ, Hong S, et al. Multifaceted Biomedical Applications of Functional Graphene Nanomaterials to Coated
Substrates, Patterned Arrays and Hybrid Scaffolds. Nanomaterials. 2017; 7(11): 369. doi: 10.3390/nan07110369

Guo Z, Ouyang J, Kim NY, et al. Emerging Two-Dimensional Nanomaterials for Cancer Therapy. ChemPhysChem. 2019;
20(19): 2417-2433. doi: 10.1002/cphc.201900551

Min S, Yu Q, Ye J, et al. Nanomaterials with Glucose Oxidase-Mimicking Activity for Biomedical Applications. Molecules.
2023; 28(12): 4615. doi: 10.3390/molecules28124615

Wang J, Zhao G, Feng L, et al. Metallic Nanomaterials with Biomedical Applications. Metals. 2022; 12(12): 2133. doi:
10.3390/met12122133

Rabiee N, Ahmadi S, Iravani S, et al. Functionalized Silver and Gold Nanomaterials with Diagnostic and Therapeutic
Applications. Pharmaceutics. 2022; 14(10): 2182. doi: 10.3390/pharmaceutics14102182

Akgdl S, Ulucan-Karnak F, kuru CI, et al. The usage of composite nanomaterials in biomedical engineering applications.
Biotechnology and Bioengineering. 2021; 118(8): 2906-2922. doi: 10.1002/bit.27843

16



