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Abstract: Nanomaterials have revolutionized various fields of medicine, providing innovative
solutions for drug delivery, diagnostics, vaccines, and regenerative therapies. The aim of this
review is to explore the diverse applications of nanomaterials in medicine, highlighting their
potential to enhance treatment efficacy, improve patient outcomes, and address complex medical
challenges. Through successful applications like Doxil and Abraxane, nanotechnology has
demonstrated its ability to improve targeted drug delivery, while lipid nanoparticles have played a
pivotal role in the development of mMRNA vaccines for COVID-19. Nanomaterials offer unique
advantages, such as their small size, tunable surface properties, and the ability to cross biological
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Medicine, barriers, which enable precision therapies and improved diagnostic sensitivity. However, this

Therapy, review also addresses the challenges associated with nanomaterials, including safety concerns,

\?laQUOS'S, potential toxicity, long-term biodegradability, and the regulatory hurdles that must be overcome for
accine

clinical translation. As researchers work to develop biocompatible and biodegradable materials,
new opportunities arise in personalized medicine, stimuli-responsive nanomaterials, and
theranostics that combine diagnosis and therapy into a single platform. In conclusion, while
nanotechnology in medicine offers immense potential for future medical innovations, addressing
safety and regulatory challenges will be crucial for the broader adoption of nanomaterials in clinical
practice. This review emphasizes the need for continued research and development to realize the

full potential of nanomedicine in improving healthcare outcomes globally.
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1. INTRODUCTION

In recent decades, the rapid advancements in nanotechnology
have ushered in a new era of innovation, profoundly impacting
numerous scientific disciplines. One of the most promising
fields to benefit from these developments is medicine, where
nanomaterials are redefining the ways diseases are diagnosed,
treated, and even prevented (W. Lu et al., 2021). Nanomaterials,
substances engineered at the nanoscale, typically less than 100
nanometers in size, exhibit unique physical, chemical, and
biological properties that distinguish them from their bulk
counterparts. These characteristics, such as enhanced surface
area, tunable optical and electrical properties, and the ability to
interact with biological systems at the molecular level, make
nanomaterials ideal candidates for medical applications (J. K.
Patel et al., 2021).

The integration of nanomaterials into medicine and drug
production has already begun to transform traditional
approaches, leading to the development of more efficient drug
delivery systems, innovative diagnostic tools, and novel
therapeutic strategies. For example, nanoparticles can be
engineered to deliver drugs with unprecedented precision,
targeting specific tissues or cells while minimizing side effects,
a capability particularly useful in cancer therapy (Ahmad et al.,
2019). Similarly, nanoscale materials are being harnessed in
medical imaging and biosensors, offering improved sensitivity
and accuracy in disease detection (Welch et al., 2021).

Despite the tremendous potential, the use of nanomaterials in
medicine also presents challenges, including issues related to
toxicity, biocompatibility, and regulatory approval (Xuan et al.,
2023). Nevertheless, ongoing research and clinical trials
continue to reveal the extraordinary potential of these materials
to revolutionize healthcare and pharmaceutical development.
This review explores the diverse applications of nanomaterials
in medicine and drug production, emphasizing their role in drug
delivery, diagnostics, therapeutics, and vaccine development,
while also addressing the challenges and future directions in this
evolving field.
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2. NANOPARTICLES

Nanoparticles are some of the most versatile nanomaterials in
medicine, with a broad range of applications due to their ability
to be engineered for specific functions such as drug delivery,
imaging, and diagnostics. Their size, shape, and surface
properties can be tuned to achieve optimal performance in
various biomedical applications.

2.1. Metallic Nanoparticles

Metallic Nanoparticles such as gold, silver, and iron oxide
nanoparticles offer significant potential in both therapeutic and
diagnostic applications. Gold nanoparticles (AuNPs) are highly
biocompatible and easily functionalized with biomolecules like
antibodies or drugs, making them ideal for targeted therapies
and photothermal therapy, where they convert near-infrared light
into heat to destroy cancer cells (Dheyab et al., 2023). Beyond
therapy, AuNPs are also extensively used in diagnostics,
particularly in biosensors and imaging (Oliveira et al., 2023).
Silver nanoparticles (AgNPs) are renowned for their potent
antimicrobial  properties, exhibiting strong antibacterial,
antiviral, and antifungal activities (Almatroudi, 2024). They are
frequently used in wound dressings, medical device coatings,
and antimicrobial treatments due to their ability to disrupt
microbial cell membranes, generate reactive oxygen species
(ROS), and release silver ions, leading to microbial death (More
et al., 2023). Lastly, iron oxide nanoparticles, particularly
superparamagnetic iron oxide nanoparticles (SPIONs), are
invaluable in medical imaging, serving as contrast agents in
magnetic resonance imaging (MRI) to enhance the visibility of
tissues (Shen et al., 2024). Additionally, SPIONs are being
researched for targeted drug delivery and hyperthermia
treatments, where they generate localized heat to eliminate
cancer cells under an external magnetic field (Spoiald et al.,
2023).

2.2. Polymeric Nanoparticles
Polymeric Nanoparticles are highly versatile in drug delivery,
particularly for controlled and targeted therapies. Biodegradable
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polymeric nanoparticles, made from polymers like polylactic
acid (PLA), polyglycolic acid (PGA), and polylactic-co-glycolic
acid (PLGA), gradually degrade in the body, making them ideal
for sustained drug release (Sarkar et al., 2022). These
nanoparticles protect encapsulated drugs from degradation in the
bloodstream, allowing for controlled release at the target site,
such as a tumor, thereby reducing systemic toxicity and side
effects in cancer therapy (Madej et al., 2022). Another advanced
type, stimuli-responsive nanoparticles, are designed to release
their drug payloads in response to specific environmental
changes such as pH, temperature, or enzymes. For instance, pH-
responsive nanoparticles can release drugs in the acidic tumor
microenvironment, ensuring targeted delivery to cancer cells
while minimizing damage to healthy tissues (Thomas et al.,
2020).

2.3. Lipid-Based Nanoparticles

Lipid-Based Nanopatrticles are crucial for drug delivery systems
due to their biocompatibility and ability to carry both
hydrophilic and hydrophobic drugs. Solid lipid nanoparticles
(SLNs), made from lipids that remain solid at body temperature,
provide controlled release and high stability, making them ideal
for delivering a wide range of drugs (S. Pandey et al., 2021).
They are particularly useful in gene therapy, where they can
encapsulate genetic material like sSiRNA or DNA for targeted
delivery to cells (Dinh et al., 2024). An advancement over
SLNs, nanostructured lipid carriers (NLCs) consist of a blend of
solid and liquid lipids, which enhances their drug loading
capacity and allows for more precise control over drug release
(Elmowafy & Al-Sanea, 2021). NLCs are being extensively
studied for delivering poorly water-soluble drugs, such as
antiretroviral and anticancer agents, and have shown promise in
improving the bioavailability of these medications (Haider et al.,
2020; Rojekar et al., 2021).

2.4. Nanotubes and Nanofibers

Nanotubes and nanofibers are cylindrical nanomaterials that
offer unique advantages for biomedical applications, particularly
in drug delivery and tissue engineering due to their large surface
area and hollow structure.

2.4.1. Carbon Nanotubes (CNTSs)

Carbon Nanotubes (CNTs), both single-walled and multi-
walled, offer unique advantages in various medical applications
due to their exceptional physical and chemical properties.
Single-Walled Carbon Nanotubes (SWCNTSs) consist of a single
layer of carbon atoms rolled into a cylinder and are known for
their excellent electrical conductivity (Predtechenskiy et al.,
2022). This makes them ideal for use in biosensors that detect
biomarkers or monitor cellular activity. Additionally, their
hollow cylindrical structure allows them to be loaded with drugs
and functionalized with targeting molecules, making SWCNTs
effective vehicles for delivering therapeutic agents to specific
tissues or cells (Dewey et al., 2024). On the other hand, Multi-
Walled Carbon Nanotubes (MWCNTS) are composed of several
concentric layers of carbon atoms, providing greater robustness
compared to SWCNTSs (Islam et al., 2024). MWCNTSs are being
researched for tissue engineering and regenerative medicine,
where they can act as scaffolds that promote cell growth and
differentiation, aiding in the regeneration of damaged tissues
(Lekshmi et al., 2020).

2.4.2. Polymer-Based Nanofibers

Polymer-Based Nanofibers, particularly electrospun and drug-
eluting types, are essential tools in regenerative medicine and
tissue engineering due to their structural and functional
versatility. Electrospun nanofibers are created through an
electrospinning process, producing fibers with diameters in the
nanometer range. These nanofibers possess high porosity and
surface area, characteristics that make them excellent scaffolds
for tissue engineering (Y. Chen et al., 2022). They can closely
mimic the extracellular matrix (ECM) of tissues, facilitating cell
adhesion, proliferation, and differentiation, which are crucial for
tissue regeneration (X. Zhang et al., 2022). In addition to their
structural benefits, drug-eluting nanofibers can be functionalized
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to release therapeutic agents in a controlled manner. This
capability is especially valuable in wound healing applications,
where nanofibers can deliver antibiotics, growth factors, or other
drugs over time to promote accelerated tissue regeneration and
prevent infections (Akombaetwa et al., 2022).

2.5. Dendrimers

Dendrimers are highly branched, tree-like polymers with well-
defined structures that make them ideal candidates for precise
drug delivery systems. Their multivalent surface allows for the
attachment of various functional groups, including therapeutic
agents, imaging molecules, and targeting ligands.

Drug Delivery Using Dendrimers offers significant advantages
in terms of solubility enhancement and targeted therapy.
Enhanced solubility is a key feature of dendrimers, as their
internal cavities can encapsulate hydrophobic drugs, improving
the solubility of compounds with otherwise poor bioavailability
(Prajapati & Jain, 2020). This property is especially beneficial
for the delivery of anticancer and antiviral drugs, allowing for
more effective treatment (Chis et al., 2020). Additionally,
targeted delivery is achieved by functionalizing the surface of
dendrimers with targeting ligands, such as antibodies, peptides,
or folic acid, enabling them to specifically target cancer cells.
This reduces off-target effects and systemic toxicity, making the
treatment safer and more efficient (Seidu et al., 2022). For
example, poly(amidoamine) (PAMAM) dendrimers have been
successfully used to deliver chemotherapeutic agents directly to
tumor cells while minimizing damage to healthy tissues,
enhancing the precision of cancer therapy (Tarach &
Janaszewska, 2021).

Dendrimers can be used for theranostics, a field that combines
therapy and diagnostics (Bober et al., 2022). For example,
dendrimers functionalized with both drugs and imaging agents
can simultaneously deliver a therapeutic agent and allow for
real-time monitoring of the treatment's progress using imaging
techniques such as MRI or fluorescence imaging (Ray et al.,
2018).

2.6. Quantum Dots (QDs)

Quantum dots (QDs) are semiconductor nanocrystals with size-
tunable optical properties, allowing precise control over their
fluorescence wavelength depending on their size. This
characteristic makes them highly valuable in biomedical
imaging and diagnostics. In imaging applications, quantum dots
offer significant advancements, particularly in cellular and
molecular imaging (Wagner et al., 2019). Due to their strong
fluorescence and resistance to photobleaching, quantum dots
surpass traditional dyes in durability and effectiveness for long-
term imaging, enabling researchers and clinicians to track
biological processes in real time. This provides critical insights
into disease progression and treatment efficacy (S. Huang &
Huang, 2024). QDs also excel in multiplexed imaging, where
they emit light at multiple wavelengths simultaneously,
facilitating the visualization of several biological targets within a
single sample (B. Zhang et al., 2017). This multiplexing
capability is especially useful in diagnosing diseases such as
cancer, where detecting multiple biomarkers is essential for an
accurate and comprehensive diagnosis (Soldado et al., 2022).
Beyond imaging, QDs are being explored for their potential in
drug delivery and diagnostics. QDs can be functionalized with
therapeutic agents, enabling the simultaneous delivery of drugs
and imaging agents (Yukawa et al., 2023). This dual-purpose
approach, theranostics, offers a promising route for personalized
medicine, as it allows for the monitoring and real-time
adjustment of treatments based on imaging feedback. By
combining diagnostic and therapeutic functionalities, quantum
dots contribute to the development of highly targeted, adaptable,
and patient-specific therapies, positioning them at the forefront
of innovative medical applications (Abdellatif et al., 2022).

2.7. Nanocarriers

Nanocarriers, such as liposomes, micelles, and polymer-drug
conjugates, are used to improve the pharmacokinetics of drugs,
enhance drug stability, and enable targeted delivery.
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2.7.1. Liposomes

Liposomes are versatile drug delivery systems characterized by
their structure and function, consisting of phospholipid bilayers
capable of encapsulating both hydrophilic and hydrophobic
drugs (Nsairat et al., 2022). This encapsulation protects the
drugs from degradation in the body, enhancing their stability and
bioavailability (P. Liu et al., 2022). Liposomes are extensively
used in cancer therapy, with liposomal formulations like Doxil®
(liposomal doxorubicin) demonstrating improved efficacy and
significantly reduced cardiotoxicity compared to free drugs (Lee
et al., 2023). In addition to their structural advantages, targeted
liposomes can be functionalized with specific targeting ligands,
such as monoclonal antibodies, to direct drug delivery
specifically to cancer cells (Riaz et al., 2018). This targeted
approach not only minimizes off-target effects but also reduces
the required dose of chemotherapy, improving therapeutic
outcomes while mitigating side effects (Riaz et al., 2018).

2.7.2. Micelles

Micelles are self-assembling nanocarriers formed from
amphiphilic molecules with a hydrophobic core and a
hydrophilic shell, making them ideal for encapsulating
hydrophobic drugs. This encapsulation enhances the solubility
and stability of poorly water-soluble drugs (Bose et al., 2021).
Polymeric micelles have been extensively studied for the
delivery of anticancer drugs, as they preferentially accumulate in
tumor tissues through the enhanced permeability and retention
(EPR) effect, improving drug delivery and efficacy (Nakamura
et al., 2016). Additionally, stimuli-responsive micelles are
designed to release their drug payload in response to specific
environmental changes, such as pH or temperature shifts (Wells
et al, 2019). This controlled release mechanism further
enhances the precision of drug delivery, ensuring that drugs are
released at the desired site, such as in the acidic
microenvironment of a tumor (Thomas et al., 2020).

3. APPLICATIONS of NANOMATERIALS
DELIVERY

The application of nanomaterials in drug delivery has
revolutionized the pharmaceutical industry by offering more
precise, efficient, and targeted methods for delivering
therapeutic  agents.  Nanomaterials can improve the
pharmacokinetics, bioavailability, and safety profiles of drugs,
allowing for the development of novel therapies, particularly in
the fields of oncology, infectious diseases, and chronic
conditions.

in DRUG

3.1. Targeted Drug Delivery

Targeted drug delivery is one of the most promising applications
of nanomaterials, offering the potential to deliver drugs directly
to diseased tissues or cells while minimizing the effects on
healthy tissues and reducing side effects. Nanoparticles can be
engineered with specific ligands or antibodies that recognize and
bind to receptors overexpressed on target cells, such as cancer
cells (Yu et al., 2010). Active targeting involves functionalizing
nanoparticles with ligands such as antibodies, peptides, or small
molecules that bind specifically to receptors on the surface of
diseased cells (Salahpour Anarjan, 2019). For example, in
cancer therapy, nanoparticles can be modified with folic acid,
which targets the folate receptor commonly overexpressed in
many types of tumors (Bellotti et al., 2021). This targeted
approach allows for the selective accumulation of therapeutic
agents at the tumor site, improving drug efficacy while
minimizing systemic toxicity (Chehelgerdi et al., 2023). In
contrast, passive targeting relies on the Enhanced Permeability
and Retention (EPR) effect, which takes advantage of the leaky
vasculature and poor lymphatic drainage of tumor tissues
(Subhan et al, 2021). Nanoparticles can accumulate
preferentially at tumor sites through this effect, increasing the
local concentration of chemotherapeutic drugs without the need
for specific targeting ligands, making passive targeting
especially useful for delivering anticancer treatments
(Chehelgerdi et al., 2023).

31

3.2. Controlled and Sustained Release

Controlled and sustained release of therapeutic agents through
nanomaterials offers significant advantages in maintaining
consistent drug levels over extended periods, reducing dosing
frequency, and improving patient compliance (Adepu &
Ramakrishna, 2021; Bai et al., 2022). Polymeric nanoparticles,
such as those made from biodegradable materials like PLGA or
polycaprolactone, are designed to encapsulate drugs and release
them gradually as the polymer degrades within the body
(Gagliardi et al., 2021). This mechanism is particularly
beneficial for drugs with short half-lives, allowing for prolonged
therapeutic effects with fewer doses, which is especially useful
for managing chronic diseases like diabetes or cardiovascular
conditions (Elmowafy et al., 2023). Controlled-release
formulations in these cases help reduce the frequency of
administration, improving patient adherence to treatment
regimens (Adepu & Ramakrishna, 2021).

Additionally, stimuli-responsive nanoparticles are engineered to
release drugs in response to specific physiological conditions or
external stimuli such as pH, temperature, or light. These
nanoparticles ensure that the drug is released only when it
reaches the target site (G. Liu et al., 2020). For instance, pH-
responsive nanoparticles can release their drug payload in the
acidic environment of a tumor or inflamed tissue, ensuring the
drug is delivered precisely where it is needed, minimizing side
effects, and enhancing treatment efficacy (Chu et al., 2022).

3.3. Overcoming Biological Barriers

Overcoming Biological Barriers is a critical challenge in drug
delivery, as barriers such as the blood-brain barrier (BBB) and
gastrointestinal barriers can limit the ability of therapeutic
agents to reach certain tissues (Ribovski et al., 2021).
Nanomaterials offer innovative solutions to penetrate or bypass
these barriers, enabling treatments for conditions that were
previously difficult to address (Mohamed et al., 2022). Crossing
the BBB is particularly challenging due to its selective nature,
which prevents most drugs from entering the brain (D. Wu et al.,
2023). Nanoparticles can be engineered to cross the BBB by
functionalizing their surfaces with specific ligands that interact
with transport mechanisms in brain endothelial cells (Hersh et
al., 2022). Lipid-based nanoparticles have shown considerable
promise in delivering drugs to treat neurodegenerative diseases
such as Alzheimer's and Parkinson's disease, offering a potential
breakthrough in treating these conditions (Rahman et al., 2022;
Witika et al., 2022).

In addition, nanomaterials enhance oral drug delivery by
protecting drugs from degradation in the acidic and enzymatic
environment of the gastrointestinal tract, thereby improving
bioavailability (Date et al., 2016). Lipid-based nanocarriers,
such as solid lipid nanoparticles (SLNs) and nanostructured lipid
carriers (NLCs), encapsulate drugs to protect them from
degradation and enhance their absorption through the intestinal
mucosa. These carriers are especially useful for improving the
bioavailability of poorly water-soluble drugs, ensuring more
effective oral therapies (Ghasemiyeh & Mohammadi-Samani,
2018; Mehta et al., 2023).

3.4. Improving Drug Solubility and Bioavailability

Improving drug solubility and bioavailability is a key advantage
of nanomaterials in drug delivery, especially for therapeutic
compounds with poor solubility, which often limits their clinical
efficacy (Y. Liu et al., 2024). Nanomaterials enhance the
solubility of hydrophobic drugs, making them more bioavailable
and increasing their therapeutic potential (Pinal, 2024).
Nanocrystals are one such approach, consisting of pure drug
particles reduced to the nanometer scale and stabilized by
surfactants (Gigliobianco et al., 2018). By reducing particle size,
the surface area is increased, which accelerates the dissolution
rate of the drug, thereby improving its solubility and
bioavailability (Kumari et al., 2023). Nanocrystal formulations
have been used effectively in delivering poorly soluble drugs
like paclitaxel, an anticancer agent, and fenofibrate, a lipid-
lowering drug, enabling better therapeutic outcomes
(Gigliobianco et al., 2018).
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Lipid-based nanocarriers such as liposomes, micelles, and solid
lipid nanoparticles (SLNs) also play a significant role in
improving the solubility of hydrophobic drugs (Mehta et al.,
2023). These lipid nanoparticles encapsulate the drug within
their lipid bilayer or core, facilitating solubility in biological
fluids (Gravan et al., 2023). Liposomes, for instance, have been
used to encapsulate hydrophobic anticancer drugs like
doxorubicin, improving their solubility and making intravenous
administration  possible  (lbrahim et al., 2022). This
encapsulation not only enhances bioavailability but also helps in
reducing the systemic toxicity of potent drugs (Mehta et al.,
2023).

3.5.  Combination Multifunctional
Nanocarriers

Combination therapy and multifunctional nanocarriers leverage
the unique capabilities of nanomaterials to enhance therapeutic
effectiveness by delivering multiple agents or combining
therapy with diagnostic functions (X. Li et al., 2024). In
combination therapy, nanoparticles can carry multiple drugs
with complementary or synergistic effects, enabling the
simultaneous delivery of agents with different mechanisms of
action (Gong et al., 2023; R. X. Zhang et al., 2016). This
approach is especially beneficial in cancer therapy, where using
a combination of chemotherapeutic drugs can help overcome
drug resistance and improve patient outcomes. For example,
polymeric nanoparticles can be loaded with both a
chemotherapeutic agent and a gene-silencing RNA molecule,
delivering a dual attack on cancer cells by simultaneously
inhibiting tumor growth and suppressing specific gene
expression (Xia et al., 2021).

Theranostics, or multifunctional nanocarriers, take this concept
further by incorporating both therapeutic and diagnostic
capabilities within a single platform. These nanomaterials can be
engineered to deliver drugs while simultaneously providing real-
time imaging or diagnostic feedback (Janib et al., 2010). For
instance, nanoparticles can be functionalized with both a
therapeutic agent and an imaging marker, such as a fluorescent
dye or MRI contrast agent, allowing clinicians to track the
drug’s distribution and assess its effectiveness in real time
(Sharma et al., 2024). Gold nanoparticles, which possess both
therapeutic and imaging properties, are being explored for
photothermal therapy, where they absorb light and generate heat
to destroy tumors, and as contrast agents in imaging applications
to visualize tumor localization and treatment progress (Vines et
al., 2019).

Therapy and

3.6. Personalized Medicine

Personalized medicine is an emerging field in which
nanomaterials offer significant potential to tailor treatments
based on a patient's unique genetic makeup and disease profile
(M. A. Alghamdi et al., 2022). By utilizing nanoparticles
customized for specific patients, more precise and effective drug
delivery can be achieved. Genomic and proteomic delivery is
one area where nanomaterials play a crucial role. Nanoparticles
can be used to deliver genetic material, such as DNA or RNA, to
specific cells, enabling gene therapy and treatment for genetic
disorders (Herranz et al., 2011). A prime example is the use of
lipid nanoparticles to deliver mRNA in the COVID-19 vaccines,
demonstrating the potential for mMRNA-based therapeutics in a
wide range of diseases (Swetha et al., 2023). In cancer therapy,
nanoparticles are also used to deliver small interfering RNA
(siRNA) or microRNA (miRNA) to silence genes that drive
tumor growth, offering a powerful tool for precision oncology
(Bravo-Véazquez et al., 2023).

Patient-specific targeting further enhances the personalized
approach, where nanoparticles are functionalized with targeting
ligands that bind to biomarkers unique to an individual patient's
disease (Choksi et al., 2022). For instance, in cancer treatment,
nanoparticles can be designed to target mutations or receptors
that are specific to the patient's tumor. This targeted approach
allows for more effective treatment while reducing toxicity and
side effects by focusing on diseased cells and sparing healthy
tissues, significantly advancing the potential for personalized
nanomedicine (Yao et al., 2020).
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4. THERAPEUTIC
NANOMATERIALS
Nanomaterials are transforming the therapeutic landscape,
enabling more targeted, effective, and innovative treatments for
various diseases. Their nanoscale size, unique physical and
chemical properties, and ability to interact with biological
molecules at the cellular and molecular levels allow for
enhanced precision in drug delivery, novel therapeutic
modalities, and reduced systemic toxicity.

APPLICATIONS of

4.1. Cancer Therapy

Nanomaterials have shown immense potential in oncology,
improving drug delivery systems, reducing side effects, and
introducing novel therapies that increase treatment efficacy.

4.1.1. Targeted Drug Delivery in Cancer

Traditional cancer therapies like chemotherapy often affect both
cancerous and healthy cells, leading to severe side effects.
Nanomaterials have revolutionized cancer treatment by enabling
targeted drug delivery, ensuring that therapeutic agents reach
tumor cells while sparing healthy tissues. Nanoparticles such as
liposomes, dendrimers, and polymeric nanoparticles can
encapsulate chemotherapy drugs, protecting them from
degradation in the bloodstream and facilitating controlled
release at the tumor site. Drugs like doxorubicin, paclitaxel, and
cisplatin are commonly loaded into these nanoparticles. For
instance, Doxil (a liposomal formulation of doxorubicin) takes
advantage of the Enhanced Permeability and Retention (EPR)
effect, where the leaky vasculature of tumors allows
nanoparticles to accumulate, increasing drug concentration at the
tumor site while reducing cardiotoxicity (Kaminskas et al.,
2012). In addition to passive targeting through the EPR effect,
active targeting is achieved by functionalizing nanoparticles
with ligands such as antibodies, peptides, or small molecules
that bind to receptors overexpressed on cancer cells (e.g., folate
receptors in ovarian cancer). This active targeting further
improves the specificity of drug delivery, enhancing treatment
efficacy (Makwana et al., 2021). Monoclonal antibody-
functionalized nanoparticles are also being explored to
selectively target tumor cells, increasing the precision of cancer
therapies.

4.1.2. Photothermal and Photodynamic Therapies (PTT and
PDT)

Nanomaterials have introduced innovative cancer treatments like
photothermal and photodynamic therapies, providing highly
localized treatments with minimal damage to surrounding
healthy tissues. Photothermal Therapy (PTT) utilizes gold
nanoparticles (AuNPs) due to their strong light absorption
properties. When exposed to near-infrared (NIR) light, AuNPs
absorb the light and convert it into heat, which selectively
destroys cancer cells by raising the local temperature, sparing
healthy tissues. This technique is particularly effective for
treating superficial tumors, such as skin cancers, and can also be
applied to deeper tumors using advanced laser systems. PTT can
be combined with traditional chemotherapy to enhance
treatment outcomes, providing a dual approach to cancer therapy
(Dastgheib et al., 2024; Hlapisi et al., 2024).

On the other hand, Photodynamic Therapy (PDT) uses
nanoparticles to deliver photosensitizing agents to tumors,
which generate reactive oxygen species (ROS) when exposed to
light, causing cancer cell death. Nanoparticles like silica-based
carriers and quantum dots improve the targeting of
photosensitizers, increasing their concentration in cancer cells
while reducing damage to healthy tissues. PDT is being
investigated for treating various cancers, including bladder, head
and neck, and esophageal cancers, offering a more focused and
less invasive alternative to conventional therapies (Singh et al.,
2024).

4.1.3. Gene Therapy and RNA Interference (RNAI)

Nanomaterials play a pivotal role in delivering genetic therapies,
such as siRNA (small interfering RNA) or mRNA, which can
modulate gene expression in cancer cells. RNA interference
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(RNAI) for gene silencing leverages nanoparticles, often
composed of lipids or polymers, to encapsulate SiRNA
molecules. These siRNA molecules are designed to silence
specific oncogenes responsible for driving cancer growth. By
delivering siRNA directly to cancer cells, nanoparticles enable
the downregulation of harmful genes, offering a promising new
approach for precision medicine (Gomes-da-Silva et al., 2012).
Lipid-based nanoparticles, in particular, have shown success in
clinical trials, targeting diseases such as liver cancer and
metastatic tumors, highlighting their potential in treating various
cancers (Mainini & Eccles, 2020).

mRNA-based therapies also utilize lipid nanoparticles (LNPs) to
deliver mRNA therapeutics that instruct cells to produce
therapeutic proteins or antigens. This method is being actively
explored in cancer vaccines, where the mRNA encodes tumor-
associated antigens, prompting an immune response that
specifically targets cancer cells (T. Huang et al., 2022).
Advances in this field have demonstrated the ability of LNPs to
enhance the stability and delivery efficiency of mRNA, thus
expanding the scope of gene therapy applications in oncology
(Guevara et al., 2020). These advances in gene therapy and
RNAI are pushing the boundaries of cancer treatment, providing
highly targeted and personalized approaches to combat the
disease.

4.2. Regenerative Medicine

Nanomaterials are making significant strides in regenerative
medicine by aiding tissue repair and organ regeneration. Their
ability to mimic biological structures and promote cell growth
makes them ideal for tissue engineering and wound healing.

4.2.1. Nanofibers and Scaffolds for Tissue Engineering
Electrospun nanofibers provide scaffolds that closely mimic the
extracellular matrix (ECM), offering structural support essential
for cell adhesion, proliferation, and differentiation (Abdou et al.,
2024). These scaffolds are typically made from biodegradable
polymers such as polylactic acid (PLA), polycaprolactone
(PCL), and collagen, which gradually degrade as new tissue
forms (Shanmugam, 2024). Tissue-specific scaffolds are used to
engineer various types of tissues, including skin, bone, cartilage,
and nerves. For instance, in skin tissue engineering, nanofibers
create an ideal environment for keratinocytes and fibroblasts to
regenerate damaged skin. In bone regeneration, nanofibers made
from materials like calcium phosphate or bioactive glass
promote osteoblast adhesion, encouraging new bone formation
(Dilmani et al., 2024).

Additionally, nanomaterials enhance growth factor and stem cell
delivery to damaged tissues. Nanofiber scaffolds can be loaded
with growth factors such as vascular endothelial growth factor
(VEGF) or basic fibroblast growth factor (bFGF), which
stimulate blood vessel formation (angiogenesis) and support
tissue repair (Subbiah & Guldberg, 2019). Moreover,
nanoparticles can deliver mesenchymal stem cells (MSCs) to
injured tissues, enhancing their regenerative potential by
facilitating tissue healing and promoting the regeneration of
specific cell types (Raghav et al., 2022). These advances in
nanofibers and scaffolds are transforming tissue engineering and
regenerative medicine.

4.2.2. Hydrogels with Nanoparticles for Controlled Release
Nanoparticle-embedded hydrogels are widely utilized for
controlled drug delivery and tissue repair, providing a moist,
protective environment conducive to wound healing while
enabling the gradual release of therapeutic agents. Wound
healing applications often incorporate silver nanoparticles
(AgNPs) into hydrogels for their antimicrobial properties,
making these hydrogels particularly effective for preventing
infections and promoting faster wound closure (Kalantari et al.,
2020). Such nanoparticle-based hydrogels are being developed
for difficult-to-heal wounds, such as diabetic foot ulcers and
chronic wounds, offering both protection and accelerated
healing (Dam et al., 2023).

In bone and cartilage regeneration, nanocomposite hydrogels
that include nanoparticles like hydroxyapatite or bioactive glass
offer additional mechanical strength while also releasing
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bioactive molecules that stimulate tissue growth. These
hydrogels serve as scaffolds for regenerating bone and cartilage,
providing structural support and aiding the natural repair
processes of the body (Kumar & Han, 2021). Through the
combination of nanoparticles and hydrogels, these materials
represent a significant advance in regenerative medicine and
controlled drug delivery systems (Abd El-Aziz et al., 2021).

4.3. Antimicrobial and Antiviral Therapy

The rise of antimicrobial resistance has spurred significant
interest in nanomaterials for infection treatment, especially for
infections resistant to traditional antibiotics. Nanoparticles serve
both as antimicrobial agents and as carriers for existing drugs,
enhancing their efficacy. Among these, silver nanoparticles
(AgNPs) are widely studied for antimicrobial applications due to
their broad-spectrum activity against bacteria, viruses, and fungi.
AgNPs exert their antimicrobial effects by disrupting bacterial
cell membranes, generating reactive oxygen species (ROS), and
binding to bacterial DNA to inhibit replication (Joshi et al.,
2020). These nanoparticles have been incorporated into wound
dressings, medical device coatings, and disinfectant sprays, all
of which help reduce infection risks in healthcare settings.
Additionally, nanoparticles can enhance the effectiveness of
traditional antibiotics. For instance, gold or silver nanoparticles
conjugated with antibiotics can improve drug delivery to
bacterial cells, overcoming antibiotic resistance mechanisms like
biofilm formation (Ahsan et al., 2024).

Nanoparticles are also being explored for their antiviral
potential, targeting viruses such as HIV, influenza, and hepatitis.
Functionalized gold nanoparticles (AuNPs) have shown promise
in antiviral therapy by binding to viral proteins or host cell
receptors, thereby preventing the virus from entering cells
(Gkartziou et al., 2021). Furthermore, lipid nanoparticles (LNPs)
have been instrumental in vaccine development, especially in
mRNA vaccines like the COVID-19 vaccines from Pfizer-
BioNTech and Moderna. These LNPs protect mRNA from
degradation, facilitate its cellular delivery, and enhance immune
responses by presenting antigens that elicit protective immunity
(Jiang et al., 2020). The use of nanotechnology in combating
antimicrobial resistance and supporting vaccine development
represents a transformative advancement in addressing
infectious diseases.

4.4. Neurological Disorders

Treating neurological diseases is challenging due to the blood-
brain barrier (BBB), which prevents many drugs from reaching
the brain. Nanomaterials are being developed to cross the BBB,
providing a way to deliver therapeutic agents directly to the
central nervous system (CNS) (Chauhan et al., 2024). Lipid-
based and polymeric nanoparticles can cross the BBB by
engaging specific transport mechanisms, such as receptor-
mediated endocytosis, allowing for effective drug delivery in
neurodegenerative diseases like Alzheimer’s and Parkinson’s
(Vahab et al., 2024). Nanoparticles can also be functionalized
with ligands that bind to receptors on the surface of brain
endothelial cells, which facilitates their transport across the
BBB. For example, transferrin-functionalized nanoparticles have
been designed to deliver neuroprotective drugs directly to the
brain to combat neurodegenerative diseases (Mahanta et al.,
2024).

Furthermore, nanoparticles enable the targeted delivery of
neuroprotective agents, antioxidants, and anti-inflammatory
drugs to the brain. This targeted approach can mitigate
neuroinflammation and oxidative stress, both of which are
critical factors in the progression of neurodegenerative diseases
(Genchi et al., 2024). These advancements in nanotechnology
open new possibilities for treating complex CNS conditions,
offering hope for more effective interventions.

4.5. Cardiovascular Diseases

Nanomaterials are being explored for treating cardiovascular
conditions such as atherosclerosis, myocardial infarction (heart
attacks), and restenosis (re-narrowing of arteries after surgery).
Nanoparticles can deliver drugs that target atherosclerotic
plaques, preventing their progression or promoting their
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regression (Y. Wu et al., 2021). These nanoparticles, such as
liposomes or polymeric nanoparticles, can be loaded with anti-
inflammatory drugs, cholesterol-lowering agents, or antioxidants
and directed to inflamed atherosclerotic plaques, which helps
reduce plaque size and prevent further buildup, ultimately
lowering the risk of heart attacks and strokes (Haba et al., 2021).
Additionally, theranostic nanoparticles, which combine
diagnostic and therapeutic functions, are being developed to
image atherosclerotic plaques while simultaneously delivering
drugs to prevent plaque rupture. This theranostic approach
allows for real-time monitoring of treatment efficacy, making it
a valuable tool in cardiovascular disease management (Bejarano
et al., 2018).

Nanomaterials are also being investigated for their potential to
regenerate damaged heart tissue following a heart attack. Gold
nanoparticles and carbon nanotubes are being incorporated into
scaffolds that promote the growth of cardiomyocytes (heart
cells) and improve cardiac function post-myocardial infarction.
These scaffolds provide essential structural support for
regenerating heart tissue and enhance the electrical conductivity
needed for synchronized heart contractions (Setia et al., 2023).
Through the combination of nanoparticles and scaffolds, these
materials represent significant advancements in regenerative
medicine, specifically for cardiovascular applications.

4.6. Nanoparticle-Based Drugs and Drug Delivery Systems
Incorporating Nanoparticles

The ability of nanoparticles to encapsulate and transport drugs
directly to disease sites has led to the development of several
successful nanoparticle-based drugs, especially in cancer
therapy, and chronic conditions. These innovative formulations
ensure that the drugs are released precisely where needed, often
improving patient outcomes and reducing systemic toxicity. A
list of some prominent nanoparticle-delivered drugs that have
made a significant impact in clinical medicine are presented in
Table 1.

4.6.1. Doxil

Doxil (Liposomal Doxorubicin) is one of the most well-known
nanoparticle-based drugs, used to treat various cancers,
including ovarian cancer, multiple myeloma, and AIDS-related
Kaposi's sarcoma (Duggan & Keating, 2011). It is a liposomal
formulation of the chemotherapeutic agent doxorubicin
(Soundararajan et al., 2009). Doxil takes advantage of the
Enhanced Permeability and Retention (EPR) effect, which
allows liposomes to accumulate preferentially in tumor tissues
due to their leaky vasculature (Parveen et al., 2012). This
targeted delivery system significantly reduces the cardiotoxicity
typically associated with doxorubicin, making it safer for long-
term cancer treatment (Aldughaim et al., 2020).

4.6.2. Abraxane

Abraxane (Nanoparticle Albumin-Bound Paclitaxel) is used
primarily to treat breast cancer, non-small cell lung cancer
(NSCLC), and pancreatic cancer (Ma & Mumper, 2013).
Abraxane is a nanoparticle formulation in which the
chemotherapy drug paclitaxel, which is hydrophobic and poorly
soluble, is bound to albumin nanoparticles (Zhao et al., 2015).
These nanoparticles improve the solubility of paclitaxel and
enhance its delivery to tumors via natural albumin transport
mechanisms (S. Lu et al., 2025). This formulation eliminates the
need for toxic solvents, reduces hypersensitivity reactions, and
allows for higher dosing of paclitaxel, which leads to improved
therapeutic outcomes (Roy et al., 2009).

4.6.3. Onivyde

Onivyde (Liposomal Irinotecan) is used to treat metastatic
pancreatic cancer, often in combination with other agents (Cui et
al., 2024; Lamb & Scott, 2017). It is a liposomal formulation of
irinotecan, a chemotherapy drug that inhibits topoisomerase
(Milano et al., 2022). Encapsulation within liposomes enhances
the stability of irinotecan in the bloodstream and facilitates its
accumulation at the tumor site (Tran et al., 2017). This approach
ensures sustained drug release at the tumor, improving
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bioavailability and reducing systemic side effects, providing a
more effective treatment option for difficult-to-treat cancers
such as metastatic pancreatic cancer (Kciuk et al., 2020).

4.6.4. Vyxeos

Vyxeos (CPX-351) is an innovative drug approved for the
treatment of acute myeloid leukemia (AML) (Alfayez et al.,
2020). It is a liposomal formulation that co-encapsulates two
chemotherapy drugs, daunorubicin and cytarabine, in a fixed 5:1
molar ratio (Dicko et al., 2010). This co-delivery system allows
for simultaneous delivery of both drugs directly to the tumor,
leveraging the EPR effect for targeted delivery (Lancet et al.,
2014). Vyxeos® improves overall survival rates in AML
patients by enhancing the synergy between these two drugs
while reducing systemic toxicity (Alfayez et al., 2020).

4.6.5. Rapamune
Rapamune (Sirolimus) is used to prevent organ rejection in
kidney transplant patients (Augustine et al., 2007). It is a

nanoparticle-based formulation of sirolimus, an
immunosuppressive  drug  with poor water solubility.
Nanoparticle technology improves the solubility and

bioavailability of sirolimus, allowing for more consistent and
controlled drug levels in the bloodstream (Haeri et al., 2018).
This formulation leads to more effective immunosuppression,
providing better transplant outcomes with fewer side effects
(Asleh et al., 2022).

4.6.6. Aurimmune

Aurimmune (Cyt-6091), currently in clinical trials, is a
promising gold nanoparticle system that delivers the cytokine
tumor necrosis factor-alpha (TNF-a) directly to tumors for
cancer treatment (Kotcherlakota et al., 2019; Shao et al., 2013).
The gold nanoparticles act as carriers for TNF-a, targeting
tumors and inducing immune responses to kill cancer cells
(Kotcherlakota et al., 2019). This targeted delivery system
reduces the systemic toxicity typically associated with TNF-a
while enhancing its therapeutic efficacy (Dimitriou et al., 2017).

4.6.7. Margibo

Margibo (Vincristine Sulfate Liposome Injection) is used in the
treatment of acute lymphoblastic leukemia (ALL) (Raj et al.,
2013). It is a liposomal formulation of vincristine, a
chemotherapy drug. By encapsulating vincristine in liposomes,
Margibo allows for sustained release of the drug at the tumor
site, reducing the systemic side effects and neurotoxicity
commonly associated with vincristine (Harrison & Lyseng-
Williamson, 2013; Silverman & Deitcher, 2013). This targeted
delivery improves the drug’s efficacy in treating leukemia (N.
N. Shah et al., 2016).

4.6.8. DepoCyt

DepoCyt (Liposomal Cytarabine) is used for the treatment of
lymphomatous meningitis (Benesch & Urban, 2008). It is a
sustained-release liposomal formulation of cytarabine designed
for intrathecal (spinal) administration (Dominguez et al., 2005).
The liposomal encapsulation ensures prolonged exposure of
cytarabine to the meninges, improving its efficacy in the
treatment of central nervous system lymphomas (Kripp &
Hofheinz, 2008). DepoCyt® also reduces the frequency of
dosing, making it more convenient for patients (Jaeckle et al.,
2002).

4.6.9. Feraheme

Feraheme (Ferumoxytol) is used to treat iron deficiency anemia,
particularly in patients with chronic kidney disease (CKD)
(Kowalczyk et al., 2011). It is an iron oxide nanoparticle
formulation that not only serves as an iron replacement therapy
but also has potential use as an MRI contrast agent due to its
magnetic properties (Hood et al., 2019; Mukundan et al., 2016).
Feraheme provides faster and more efficient iron replenishment
compared to oral supplements, with fewer gastrointestinal side
effects. Additionally, its potential for use as an MRI contrast
agent adds versatility to its clinical application (Stoumpos et al.,
2019).
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5. APPLICATIONS  of
DIAGNOSTICS
Nanomaterials have shown remarkable potential in improving
the precision, sensitivity, and speed of diagnostics. Their unique
properties, such as high surface area, tunable optical and
magnetic behaviors, and ability to interact with biomolecules at
the nanoscale, make them ideal candidates for early disease
detection, biomarker identification, and medical imaging.

NANOMATERIALS  in

5.1. Imaging Technologies

Nanomaterials have significantly advanced medical imaging by
enhancing resolution, contrast, and specificity, which has
improved early detection and disease monitoring, particularly in
oncology and neurology (Dulinska-Litewka et al., 2019).
Quantum dots (QDs), semiconductor nanocrystals, emit
fluorescence when exposed to light and offer advantages such as
higher brightness, resistance to photobleaching, and adjustable
emission wavelengths by changing their size. QDs are
extensively used in molecular imaging, where they enable real-
time tracking of cellular processes (D. Chen et al., 2017). For
example, by attaching targeting ligands to QDs that bind to
cancer-specific markers, highly sensitive cancer detection is
possible. Superparamagnetic iron oxide nanoparticles (SPIONSs)
serve as contrast agents in magnetic resonance imaging (MRI),
where their superparamagnetic properties enhance image
contrast and improve the detection of tumors, inflammation, and
vascular disorders (Nguyen et al., 2018). Functionalizing
SPIONs with targeting ligands allows them to accumulate in
specific tissues or tumor sites, enhancing diagnostic accuracy,
particularly in cancer and neurological conditions. Gold
nanoparticles play a vital role in photoacoustic imaging, a hybrid
technique combining light and ultrasound to produce high-
resolution images (Javed et al., 2019). These nanoparticles
absorb light and convert it to heat, creating acoustic signals
detectable by ultrasound, making them particularly useful for
imaging tumors or identifying vascular abnormalities.
Additionally, gold nanoparticles are employed in Surface-
Enhanced Raman Scattering (SERS), a technique that amplifies
the Raman signals of biomolecules, enabling highly sensitive
biomolecular detection when they are in close proximity to the
nanoparticles (Kim & Jeong, 2017).

5.2. Biosensors and Diagnostic Assays

Nanomaterials have significantly improved the performance of
biosensors, which are devices designed to detect specific
biological molecules, such as proteins, DNA, or glucose, and
convert their presence into measurable signals. The high surface
area of nanomaterials enhances the sensitivity and response
times of these sensors, allowing them to detect minute quantities
of biomarkers, leading to earlier and more accurate diagnoses

(Pasinszki et al., 2017). Gold nanoparticles are commonly used
in lateral flow assays (LFAs), such as the widely known home
pregnancy test. In these assays, gold nanoparticles are
conjugated to antibodies or other recognition molecules. When a
specific biomarker is present in a sample, such as urine or blood,
the nanoparticles bind to it and produce a visible color change
on the test strip, making them adaptable for rapid tests for
infectious diseases, including COVID-19 (Rivas et al., 2017).
Carbon nanotube-based biosensors are another example, where
the unique electrical properties of carbon nanotubes (CNTSs)
enable the detection of biomolecules like glucose, cholesterol,
and DNA with high sensitivity. These sensors are being
developed for applications such as continuous glucose
monitoring in diabetic patients and the detection of genetic
mutations associated with cancer (B. Wang et al., 2017).
Additionally, nanowires, typically made from silicon or other
semiconductors, are employed in highly sensitive biosensors
that detect biomolecules at very low concentrations. Nanowire-
based field-effect transistors (FETs) can detect the binding of
biomolecules to the nanowire surface, altering the electrical
properties of the device, useful in the detection of disease
biomarkers, environmental monitoring, and food safety testing
(Rusling et al., 2009).

5.3. Biomarker Detection and Disease Diagnosis
Nanomaterials are driving significant advancements in the
detection of biomarkers—molecules that signal the presence or
progression of a disease. Early and accurate biomarker detection
is crucial for diagnosing diseases at their earliest stages, often
before symptoms appear. Nanoparticle-based ELISA (Enzyme-
Linked Immunosorbent Assay) is one such advancement.
Traditional ELISA is widely used to detect specific proteins or
antibodies in a sample, but by incorporating nanoparticles, such
as gold nanoparticles or quantum dots, the sensitivity of ELISA
is significantly enhanced (Huda et al, 2021). These
nanoparticle-enhanced ELISAs amplify detection signals,
enabling the identification of lower concentrations of
biomarkers, which makes it an effective tool for early diagnosis
of diseases like cancer, HIV, and autoimmune disorders (M. F.
Alghamdi & Redwan, 2021). Another critical application is in
exosome detection. Exosomes are tiny vesicles released by cells
that carry proteins, lipids, and genetic material, making them
important  biomarkers  for diseases like cancer and
neurodegenerative conditions. Nanomaterials such as magnetic
nanoparticles or gold nanoparticles are used to isolate and
analyze exosomes from blood or urine samples, improving the
speed and sensitivity of detection (Boriachek et al., 2018).
Nanoparticle-based techniques allow for the identification of
disease-specific exosome markers, facilitating early diagnosis
and disease monitoring.

Table 1: Drug delivery systems incorporating nanoparticles, their indications, technologies, and advantages

Drug Name Indication Technology Advantages References
Doxil Ovarian  cancer,  multiple Liposomal formulation of Reduced cardiotoxicity, targeted (Aldughaim et al., 2020; Duggan & Keating,
myeloma, AIDS-related | doxorubicin delivery via EPR effect 2011; Parveen et al., 2012; Soundararajan et al.,
Kaposi's sarcoma 2009)
Abraxane Breast cancer, non-small cell Nanoparticle  albumin-bound No toxic solvents, improved solubility, (S. Lu et al., 2025; Ma & Mumper, 2013; Roy et
lung cancer, pancreatic cancer paclitaxel enhanced tumor delivery al., 2009; Zhao et al., 2015)
Onivyde Metastatic pancreatic cancer Liposomal irinotecan Improved stability and bioavailability, (Cui et al., 2024; Kciuk et al., 2020; Lamb &
reduced side effects Scott, 2017; Tran et al., 2017).
Vyxeos Acute  myeloid  leukemia Liposomal co-encapsulation of Improved survival rates in AML, (Alfayez et al., 2020; Dicko et al., 2010; Lancet
(AML) daunorubicin and cytarabine reduced systemic toxicity etal., 2014).
Rapamune Preventing organ rejection in Nanoparticle-based Improved bioavailability and consistent | (Asleh et al., 2022; Augustine et al., 2007; Haeri
kidney transplant patients formulation of sirolimus drug levels etal., 2018)
Aurimmune Cancer treatment  (clinical Gold nanoparticle delivering Targeted delivery, reduced systemic (Dimitriou et al., 2017; Kotcherlakota et al.,
trials) TNF-a toxicity 2019).
Margibo Acute lymphoblastic leukemia Liposomal vincristine sulfate Sustained release, reduced neurotoxicity (Harrison & Lyseng-Williamson, 2013; Raj et
(ALL) al., 2013; N. N. Shah et al., 2016; Silverman &
Deitcher, 2013)
DepoCyt Lymphomatous meningitis Liposomal cytarabine Prolonged drug exposure, reduced (Benesch & Urban, 2008; Dominguez et al.,
dosing frequency 2005; Jaeckle et al., 2002; Kripp & Hofheinz,
2008)
Feraheme Iron deficiency anemia (CKD Iron oxide nanoparticle Faster iron replenishment, fewer (Hood et al., 2019; Kowalczyk et al., 2011;
patients) gastrointestinal side effects Mukundan et al., 2016; Stoumpos et al., 2019).
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5.4. Point-of-Care Diagnostics

Nanomaterials are facilitating the development of portable,
rapid, and easy-to-use diagnostic devices for point-of-care
(POC) applications, which are particularly valuable in resource-
limited settings or for managing infectious diseases. These
technologies allow for timely diagnosis, enabling quick
treatment and containment of outbreaks (Alam et al., 2023).
Nanoparticle-based rapid tests are a prime example, where gold
nanoparticles are commonly used in lateral flow assays to
provide diagnostic results within minutes, without the need for
specialized laboratory equipment. For instance, during the
COVID-19 pandemic, gold nanoparticle-based rapid antigen
tests were widely deployed to detect SARS-CoV-2, offering
accessible and quick testing that played a crucial role in
controlling the virus's spread (Dorta-Gorrin et al., 2023).
Additionally, paper-based microfluidic devices are being
enhanced with nanomaterials, offering an inexpensive and
portable diagnostic solution. These devices rely on capillary
action to move liquid samples, such as blood or saliva, through
embedded nanoparticles or biosensors on the paper, enabling
complex diagnostics. This technology is being developed for use
in regions with limited healthcare infrastructure, providing rapid
testing for infectious diseases like malaria, tuberculosis, and
HIV, and expanding access to critical healthcare diagnostics
(Nishat et al., 2021).

5.5. Diagnostics systems incorporating nanoparticles
Nanomaterials have led to the development of highly effective
diagnostic platforms, offering superior sensitivity, specificity,
and rapid detection. These systems incorporate various types of
nanomaterials, such as gold nanoparticles, quantum dots, and
superparamagnetic nanoparticles, to detect diseases early and
accurately (Table 2).

5.5.1. Verigene System

The Verigene System uses gold nanoparticle-based technology
to detect pathogens, including bacteria and viruses, directly from
blood samples. It utilizes DNA or RNA probes functionalized
with gold nanoparticles that bind to target sequences, allowing
for the rapid identification of infectious agents (Cellini et al.,
2015). This system is especially valuable in diagnosing sepsis,
where quick detection of pathogens can lead to timely and
appropriate treatment, significantly improving patient outcomes
(Berktold et al., 2017). The Verigene System's ability to rapidly
identify pathogens, combined with its accuracy, has shown
significant impact in clinical settings, particularly in critical
conditions like sepsis (Peri et al., 2021).

5.5.2. T2 Biosystems

T2 Biosystems employs superparamagnetic nanoparticles for the
rapid detection of sepsis-causing pathogens directly from whole
blood. Using magnetic resonance (T2MR) technology, these
nanoparticles bind to microbial DNA, and the binding event
alters the magnetic resonance signal, allowing for quick
pathogen identification without the need for traditional blood

cultures (Neely et al., 2013). This system is crucial for
diagnosing life-threatening infections like sepsis within hours
instead of days, facilitating faster and more effective treatment
(De Angelis et al., 2018). This approach, using T2MR
technology, has demonstrated substantial accuracy and impact
on clinical outcomes by reducing the diagnostic time and
enabling timely intervention (Paggi et al., 2021).

5.5.3.i-STAT System

The i-STAT System by Abbott is a handheld blood analyzer that
incorporates nanoparticles to perform a variety of diagnostic
tests, such as blood gases, electrolytes, and cardiac biomarkers.
This point-of-care diagnostic tool is used in emergency
departments and critical care units to rapidly assess patients and
make real-time clinical decisions. The nanoparticle-enhanced
technology improves the sensitivity and accuracy of these
assays, helping clinicians respond quickly to critical situations
(Bufio et al., 2008).

5.5.4. Surface-Enhanced
Biosensors
Surface-Enhanced Raman Scattering (SERS) Biosensors use
gold or silver nanoparticles to amplify the Raman signals
emitted by biomolecules near the nanoparticles' surface. SERS
offers exceptional sensitivity, allowing for the detection of
disease biomarkers at ultra-low concentrations. This technology
is useful for early diagnosis of conditions like cancer and
infectious diseases, where detecting trace amounts of disease-
related molecules is crucial for timely intervention (Proniewicz,
2024).

Raman Scattering (SERS)

5.5.5. ExoDx Prostate (IntelliScore) Test

For non-invasive cancer screening, the ExoDx Prostate
(IntelliScore) Test uses nanoparticle-based detection to analyze
exosomes, which are vesicles secreted by cells containing
proteins and RNA that serve as biomarkers for prostate cancer.
This urine test identifies specific RNA biomarkers found in
exosomes, providing a risk score for high-grade prostate cancer.
The ExoDx test is an important tool for reducing unnecessary
biopsies and guiding treatment decisions, improving patient care
in prostate cancer management (Salciccia et al., 2023; Wei et al.,
2023).

5.5.6. Nucleic Acid Lateral Flow Immunoassay (NALFIA)
The Nucleic Acid Lateral Flow Immunoassay (NALFIA)
utilizes gold nanoparticles to detect amplified nucleic acid
sequences in a point-of-care setting. This system is widely used
to rapidly detect various pathogens, including malaria,
tuberculosis, and COVID-19. The amplified nucleic acid binds
to the gold nanoparticle probes, providing a visual signal that
confirms the presence of the pathogen. NALFIA systems are
particularly valuable in resource-limited settings where fast,
reliable diagnostic results are crucial (Andryukov, 2020; Rubio-
Monterde et al., 2023).

Table 2: Diagnostics systems incorporating nanoparticles, the technologies, applications, and advantages of each system.

Diagnostic System Technology Application

Advantages references

Verigene System Gold nanoparticle-based DNA/RNA

probes pathogens in blood

Rapid detection of bacterial and viral

Faster pathogen detection, improved
treatment outcomes in sepsis

(Berktold et al., 2017
Cellini et al., 2015; Peri et
al., 2021).

T2 Biosystems Superparamagnetic

for pathogen detection

nanoparticles
blood cultures

Rapid sepsis pathogen detection without

Rapid identification of pathogens,
reducing sepsis diagnosis time

(De Angelis et al., 2018;
Neely et al., 2013; Paggi
etal., 2021).

i-STAT System

Nanoparticles in handheld blood
analyzers

Point-of-care diagnostics for blood gases,
electrolytes, and cardiac biomarkers

Real-time diagnostics at the patient's
bedside, faster clinical decisions

(Bufio et al., 2008)

SERS Biosensors

Gold or silver nanoparticles for
Raman signal amplification

Ultra-sensitive detection of biomarkers for
diseases like cancer

Highly sensitive biomarker detection at
very low concentrations

(Proniewicz, 2024)

ExoDx Prostate
(IntelliScore) Test

Nanoparticle-based ~ detection of
exosome biomarkers

Non-invasive urine test for detecting
prostate cancer risk

Non-invasive, reduces need for
unnecessary prostate biopsies

(Salciccia et al., 2023;
Wei et al., 2023)

Nucleic Acid | Gold nanoparticle probes for | Rapid detection of pathogens in resource-
Lateral Flow | amplified nucleic acid detection limited settings for diseases like malaria
Immunoassay and COVID-19

(NALFIA)

Rapid, specific results ideal for point-
of-care in low-resource areas

(Andryukov, 2020; Rubio-
Monterde et al., 2023)
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6. NANOMATERIALS in VACCINE DEVELOPMENT
Nanomaterials have revolutionized vaccine development,
offering new ways to enhance the efficacy, stability, and
delivery of vaccines. Their ability to mimic natural pathogens,
improve antigen delivery, and stimulate strong immune
responses has made nanotechnology a key player in next-
generation vaccines, including mRNA vaccines and viral vector
vaccines.

6.1. Lipid Nanoparticles (LNPs)

Lipid nanoparticles (LNPs) have become central to modern
vaccine development, particularly in nucleic acid-based vaccines
like mRNA vaccines. Their ability to safely and effectively
deliver fragile genetic material has been critical in the success of
recent vaccines. For example, LNPs played a pivotal role in the
development of mRNA vaccines for COVID-19, such as the
Pfizer-BioNTech and Moderna vaccines. These vaccines rely on
LNPs to encapsulate and protect the mRNA, preventing
degradation and ensuring that the genetic material reaches target
cells (Noor, 2021; Polykretis, 2022).

The mechanism by which LNPs function as delivery vehicles is
related to their structural similarity to cell membranes. Once in
the body, LNPs fuse with cell membranes, releasing the mRNA
into the cytoplasm. Here, the cell’s machinery translates the
mRNA into viral proteins, which the immune system recognizes
as foreign, triggering an immune response that includes the
generation of antibodies and T cell activation (C. Li et al., 2022)
LNPs offer several advantages in vaccine formulation. By
stabilizing fragile mRNA, they enhance cellular uptake and
amplify immune responses. Unlike traditional vaccines, which
often require adjuvants to boost immunity, LNPs inherently
support immune activation by directly delivering mRNA into
cells. In the case of COVID-19, LNPs facilitated rapid vaccine
development, supporting scalable production and efficient
distribution (Verbeke et al., 2022).

6.2. Polymer-Based Nanoparticles

Polymeric nanoparticles play a significant role in delivering
vaccine antigens or genetic material, offering controlled release
and enhancing immune responses. These nanoparticles, often
made from poly-lactic-co-glycolic acid (PLGA), can encapsulate
antigens and release them slowly over time, generating a
sustained immune response (Kunkel & McHugh, 2024). This
controlled release is crucial for vaccines targeting diseases
where repeated dosing poses a challenge. Moreover, polymeric
nanoparticles protect antigens from degradation, ensuring they
reach their target intact (Wibowo et al., 2021).

In addition to delivering antigens, polymeric nanoparticles can
act as adjuvants, which enhance the body's immune response to
an antigen. By combining the antigen and adjuvant within a
single nanoparticle, a stronger and longer-lasting immune
response is achieved (Allahyari & Mohit, 2016). This dual
function enhances the efficacy of the immune response and
provides a robust defense against pathogens.

Applications of polymeric nanoparticles are being extensively
studied for vaccines against infectious diseases such as HIV,
influenza, and tuberculosis. Their versatility, controlled release
capabilities, and ability to deliver both proteins and genetic
material make them a highly adaptable platform for various
vaccine formulations (Jha & Pathak, 2022; Zare et al., 2021).

6.4. Gold Nanoparticles

Gold nanoparticles (AuNPs) are under investigation for their
potential to enhance vaccine efficacy by serving as carriers for
antigens or adjuvants. AuNPs can be functionalized with
antigens, allowing them to deliver these directly to immune
cells. Due to their high surface area and customizable surface
properties, AuNPs are capable of carrying multiple antigens or
adjuvants, making them suitable for multivalent vaccines
targeting different strains of a pathogen or multiple pathogens at
once (Dykman, 2020). Additionally, gold nanoparticles
themselves can act as adjuvants, enhancing immune response.
When combined with specific antigens, AuNPs improve the
activation of antigen-presenting cells, such as dendritic cells,
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leading to stronger and more targeted immune responses (Mateu
Ferrando et al., 2020).

Applications of AuNPs are being explored for vaccines against
diseases such as malaria, HIV, and influenza. Their ability to
enhance  immune  responses, combined  with  their
biocompatibility, makes them promising candidates for future
vaccine development (Carabineiro, 2017; Vieira et al., 2024).

6.5. Nanomaterial-Based Adjuvants

In vaccine development, nanomaterials serve as potent adjuvants
that enhance immune responses by activating various immune
system components. Aluminum-based nanoparticles (alum) have
been used as adjuvants for decades; recent advancements in
nanotechnology are enhancing their capacity to stimulate
immune responses, particularly in improving antigen uptake and
activation of immune cells (M. Li et al, 2022). Silica
nanoparticles are also effective as adjuvants, as they enhance
antigen uptake by dendritic cells, thereby promoting a stronger
immune response (Sun & Xia, 2016). Another promising
adjuvant is carbon nanotubes (CNTs), which facilitate the
uptake of antigens by immune cells, thus improving T-cell
activation and the overall immune response (Ahmed et al.,
2024).

Nanomaterial-based adjuvants offer the advantage of enhancing
both innate and adaptive immune responses. These adjuvants
increase vaccine efficacy by enabling lower antigen doses while
still achieving a strong immune response, which is especially
beneficial during pandemics when rapid vaccine production is
required (Zhu et al., 2014).

6.6. Nanoparticles in DNA Vaccines

Nanoparticles are being used to enhance DNA vaccine
platforms, which involve delivering plasmid DNA encoding a
viral or bacterial antigen into host cells. These nanoparticles
protect the DNA from degradation and enhance cellular uptake,
allowing for effective delivery. Once inside the cell, the plasmid
DNA is transcribed and translated to produce the antigen, which
is then presented to the immune system, triggering a strong
immune response (Lee et al., 2018; Pattnaik et al., 2023).

DNA vaccines are under development for several infectious
diseases, including the Zika virus, dengue, and various cancers.
The use of nanoparticles improves the delivery efficiency of
DNA vaccines, helping make these vaccines more feasible for
clinical applications. For instance, DNA vaccines combined
with nanoparticles show enhanced efficacy in animal models for
these diseases, offering promise for broader applications (Hraber
et al., 2018; Taslem Mourosi et al., 2022).

6.7. Vaccines incorporates nanoparticles

Vaccines, such as Novavax COVID-19 Vaccine (NVX-
CoV2373), NanoFlu (Influenza Vaccine), SpFN (Spike Ferritin
Nanoparticle COVID-19 Vaccine), and RTS,S/AS01 (Mosquirix
- Malaria Vaccine), showcase the versatility and potential of
nanoparticles in addressing various infectious diseases (Table 3).

6.7.1. Novavax COVID-19 Vaccine (NVX-CoV2373)

The Novavax COVID-19 Vaccine (NVX-CoV2373) is a
recombinant protein-based nanoparticle vaccine designed to
protect against SARS-CoV-2, the virus causing COVID-19.
Unlike mRNA vaccines, NVX-CoV2373 uses a stabilized spike
protein generated through recombinant nanoparticle technology.
This protein is assembled into nanoparticles, enhancing immune
system recognition. The vaccine includes a saponin-based
Matrix-M adjuvant, which further boosts immune responses by
promoting antigen presentation (Organization, n.d.). In clinical
trials, NVX-CoV2373 demonstrated a strong efficacy profile,
with an estimated 89.7% efficacy against the original SARS-
CoV-2 strain and variants (Malabadi et al., 2021). The Matrix-M
adjuvant plays a critical role in enhancing immunity by
stimulating both humoral and cell-mediated responses, making it
particularly effective against symptomatic COVID-19 (Yadav et
al., 2023). Given its stability profile, NVX-CoV2373 can be
stored at standard refrigeration temperatures, easing distribution
and logistics compared to mRNA vaccines, which require ultra-
cold storage. This makes NVX-CoV2373 a viable option for
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broader distribution, especially in regions with limited cold-
chain infrastructure (Lundstrom, 2023).

6.7.2. NanoFlu (Influenza Vaccine)

The NanoFlu (Influenza Vaccine) is a recombinant nanoparticle-
based influenza vaccine developed by Novavax, designed to
enhance immune responses to seasonal influenza. NanoFlu
incorporates recombinant hemagglutinin (HA) proteins from the
influenza virus, assembled into nanoparticle structures to
increase immunogenicity and stability. The vaccine also uses
Novavax’s proprietary Matrix-M™ adjuvant, which is derived
from saponins and enhances the immune response by promoting
antigen presentation to immune cells (Sia et al., 2021).

One of the key advantages of NanoFlu is its stability and robust
immune response against various influenza strains, addressing
limitations seen in traditional egg-based influenza vaccines. In
clinical trials, NanoFlu demonstrated increased immunogenicity
compared to traditional influenza vaccines, with significant
efficacy in generating antibody responses against both
homologous and heterologous strains (Khalaj-Hedayati et al.,
2020). Moreover, the nanoparticle structure of NanoFlu allows
for precise antigen presentation, aiding in consistent immune
responses across diverse populations. The use of nanoparticles
in NanoFlu supports both a strong humoral and cell-mediated
immune response, making it a promising candidate for seasonal
influenza vaccination, especially among populations vulnerable
to influenza-related complications (Woodson & Jha, 2023).

6.7.3. SpFN (Spike Ferritin Nanoparticle) COVID-19
Vaccine

The SpFN (Spike Ferritin Nanoparticle) COVID-19 Vaccine is
an innovative vaccine candidate that uses ferritin nanoparticles
to present the SARS-CoV-2 spike protein, potentially offering
broad protection against COVID-19 and related coronaviruses.
This vaccine platform is unique because it displays multiple
spike protein trimers on a single ferritin nanoparticle, which
enhances immunogenicity by providing a highly organized and
multivalent antigen presentation to the immune system
(Johnston et al., 2022).

Preclinical studies in nonhuman primates demonstrated that
SpFN, when paired with an adjuvant (such as ALFQ), generated
robust immune responses, including neutralizing antibodies and
polyfunctional T-cell activity. This immune profile suggests
potential efficacy not only against the primary SARS-CoV-2
strain but also against variants and other coronaviruses (Carmen
et al., 2021). The structure of ferritin enables multiple copies of
the spike protein to be displayed, enhancing antibody responses
and providing a platform that could be adaptable for other viral
threats.

Ferritin-based vaccines like SpFN are advantageous due to their
stability and potential cross-reactivity, positioning them as a
promising option for next-generation vaccines aimed at
preventing not only SARS-CoV-2 infections but also future
coronavirus pandemics (Joyce et al., 2021).

6.7.4. RTS,S/AS01 (Mosquirix) Malaria Vaccine
The RTS,S/AS01 (Mosquirix) Malaria Vaccine is the first
malaria vaccine to receive approval for use, aimed at protecting

Table 3: Vaccines incorporates nanoparticles

children in areas with high malaria prevalence. Developed by
GlaxoSmithKline (GSK), Mosquirix® targets Plasmodium
falciparum, the most deadly malaria parasite, and includes a
recombinant protein from the parasite's circumsporozoite protein
(CSP), which is assembled into a nanoparticle structure to
enhance immunogenicity. The vaccine uses the AS01 adjuvant,
a proprietary GSK adjuvant containing monophosphoryl lipid A
and QS-21, which stimulates a strong immune response by
activating both cellular and humoral immunity (Nadeem et al.,
2022).

Clinical trials demonstrated the vaccine's efficacy in reducing
malaria cases in young children, providing partial protection and
reducing the severity of infections in regions with high
transmission rates (Genito et al., 2023). Despite its moderate
efficacy, Mosquirix® represents a significant step in malaria
control efforts, particularly for vulnerable populations with
limited access to other preventive measures. The success of
RTS,S/AS01 has set a foundation for developing next-
generation malaria vaccines that may offer broader protection
and improved efficacy (Locke et al., 2024).

7. CHALLENGES and RISKS of NANOMATERIALS in
MEDICINE

While nanomaterials offer tremendous potential in medical
applications such as drug delivery, diagnostics, and vaccines,
their use also comes with several challenges and risks that need
to be carefully addressed. These challenges pertain to safety,
manufacturing, regulatory concerns, and potential environmental
impacts. Understanding and mitigating these risks is crucial for
the successful development and deployment of nanomaterial-
based therapies and diagnostics.

7.1. Safety and Toxicity Concerns

One of the most significant concerns with the use of
nanomaterials in medicine is their potential toxicity.
Nanoparticles behave differently from bulk materials due to
their small size, high surface area, and unique physical and
chemical properties, which can lead to unexpected interactions
with biological systems. For example, nanoparticles can
penetrate biological barriers like the blood-brain barrier or cell
membranes, which larger particles cannot. This ability can result
in unintended accumulation in organs such as the liver, lungs,
kidneys, or spleen, potentially causing toxicity (Manke et al.,
2013). The small size of nanoparticles also means they can be
inhaled, absorbed through the skin, or ingested, potentially
leading to systemic exposure (Khanna et al., 2015).

Certain nanomaterials, especially metal-based nanoparticles like
silver or titanium dioxide, can generate reactive oxygen species
(ROS) that lead to oxidative stress and inflammation in tissues.
This oxidative stress can damage cells, DNA, and proteins,
potentially leading to long-term health effects such as
carcinogenesis or organ damage (R. K. Pandey & Prajapati,
2018). Furthermore, nanoparticles may elicit unintended
immune responses, as they can activate immune cells, causing
inflammation or allergic reactions. Some nanoparticles, on the
other hand, might suppress immune responses, leading to
immune evasion or reduced effectiveness of vaccines or
therapies (Miethling-Graff et al., 2014).

Vaccine Name Nanomaterial Mechanism

Advantages references

Novavax COVID-19 Protein  nanoparticle Protein nanoparticle displays spike proteins High immune response with easier storage (Lundstrom, 2023; Malabadi
Vaccine (NVX-CoV2373) (recombinant  spike | with Matrix-Ma,,¢ adjuvant enhancing | compared to mRNA vaccines et al, 2021; Yadav et al.,
protein) immune response 2023).
NanoFIuA®  (Influenza Protein nanoparticles Recombinant ~ hemagglutinin  proteins Strong, broad protection against antigenically (Khalaj-Hedayati et al., 2020;
Vaccine) (recombinant presented on nanoparticle platform to boost | drifted influenza strains Sia et al., 2021; Woodson &
hemagglutinin immune response Jha, 2023).
nanoparticle)
SpFN  (Spike  Ferritin Ferritin nanoparticles Ferritin nanoparticles display SARS-CoV-2 Strong immune response with potential for (Carmen et al, 2021;
Nanoparticle COVID-19 spike proteins in an organized structure pan-coronavirus protection Johnston et al., 2022; Joyce et
Vaccine) al., 2021).
RTS,S/AS01 Lipid-based Targets malaria circumsporozoite protein Improved immunity in children, effective (Genito et al., 2023; Locke et
(MosquirixA® - Malaria nanoparticle adjuvant | with lipid-based adjuvant enhancing protection against malaria al, 2024; Nadeem et al.,
Vaccine) (AS01) immune response 2022)

38




Kader, N., J. Basic Appl. Res. Biomed. 10(1): 29-49

7.2. Biodegradability and Long-Term Persistence

Many nanoparticles, particularly those made from metals or
non-biodegradable polymers, may not break down easily in the
body, raising concerns about long-term accumulation and
potential toxicity. Metal-based nanoparticles, such as those
composed of gold, silver, or quantum dots, can persist in the
body due to their poor biodegradability. Over time, these
nanoparticles may accumulate in organs and tissues, potentially
leading to chronic toxicity or organ dysfunction (Bellanthudawa
et al., 2023). Ensuring biocompatibility is crucial for mitigating
these risks. Biodegradable materials like lipid-based
nanoparticles, PLGA (poly-lactic-co-glycolic acid), and protein-
based nanoparticles are being developed to offer safer
alternatives. However, even with biodegradable materials, the
potential for incomplete degradation and residual effects
remains a concern (Sathish Sundar et al., 2016).

Some non-biodegradable nanoparticles, particularly metal-based
options, pose challenges for long-term health due to their
persistence in the body. This necessitates ongoing research into
safer nanomaterials and more comprehensive understanding of
biocompatibility in clinical contexts (Paris et al., 2019).

7.3. Challenges in Manufacturing and Scalability

Producing nanomaterials for medical applications on a large
scale, while maintaining quality and consistency, presents
significant challenges. Nanomaterial production is complex and
requires precise control over size, shape, and surface
characteristics. Ensuring reproducibility is critical, as even small
variations in particle size, surface charge, or morphology can
significantly impact how nanoparticles interact with biological
systems, affecting their biodistribution, toxicity, and efficacy
(Operti et al., 2021). Consistency in quality control from batch
to batch is essential for the safety and effectiveness of
nanomedicines (Kaur et al., 2014).

The cost and scalability of nanomaterial production also present
challenges. Nanomaterials are often expensive to produce due to
specialized techniques like high-energy milling, vapor
deposition, or complex chemical synthesis (Colombo et al.,
2018). Scaling up these processes while maintaining cost-
efficiency and quality remains a barrier to widespread adoption
in medical applications.

Additionally, surface modification of nanoparticles, such as
functionalization with ligands or stabilizing agents, is often
necessary to improve biocompatibility and efficacy. This
requirement adds complexity and cost to the manufacturing
process, further complicating scalability (D. M. Patel et al.,
2021). Ensuring that these surface modifications are consistently
applied and effective across production batches remains a
technical challenge.

7.4. Regulatory and Approval Challenges

The regulatory landscape for nanomaterials in medicine is still
evolving. Regulatory bodies like the FDA and EMA are actively
working to develop guidelines that ensure the safety and
efficacy of nanotechnology-based products. However, the
unique properties of nanomaterials create challenges for
traditional regulatory frameworks. Traditional regulatory
pathways for drugs and medical devices may not fully apply to
nanomedicines. Nanoparticles behave differently due to their
unique size, surface properties, and bio-distribution, which often
require new testing methods and safety assessments (Bobo et al.,
2016; Parveen et al., 2012). Consequently, it remains unclear
how to apply existing guidelines to these materials, which can
slow the approval process for nanomaterial-based therapeutics
and diagnostics.

Additionally, there is currently no universal standard for
characterizing nanomaterials regarding their physical, chemical,
and biological properties. This lack of standardization
complicates the comparison of results across different studies or
regulatory submissions, leading to inconsistencies in evaluating
safety and efficacy. Standardized methods for toxicity testing,
particle characterization, and bio-distribution are urgently
needed to streamline regulatory submissions and ensure safe,
consistent outcomes (Ali et al., 2023; Foulkes et al., 2020).
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7.5. Environmental and Ethical Concerns

Nanomaterials, once used in medicine or research, may end up
in the environment, potentially leading to unforeseen ecological
effects. Additionally, ethical concerns have emerged regarding
their use in human trials and the long-term impacts of
nanomaterials. Nanoparticles used in medical applications may
eventually enter wastewater, soil, and ecosystems after being
excreted from the human body or through the disposal of
medical waste (V. Shah & Belozerova, 2009). For instance,
silver and titanium dioxide nanoparticles, widely used in
consumer products, have been shown to negatively impact
aquatic life, plants, and microorganisms, highlighting the
potential environmental risks (Dakal et al., 2016). The long-term
ecological consequences of extensive nanoparticle use,
particularly in relation to their persistence in the environment,
remain uncertain and require further investigation.

The ethical implications of introducing new, untested
nanomaterials into humans are also a significant concern.
Comprehensive safety data must be collected from preclinical
studies to ensure that human trials do not expose participants to
unforeseen risks. Balancing the drive for innovation in
nanomedicine with ensuring participant safety is essential,
particularly when vulnerable populations or high-risk conditions
are involved (Fadeel & Garcia-Bennett, 2010). Ethical
considerations are central to the responsible advancement of
nanomedicine, as they ensure both safety and respect for
participants involved in clinical research.

7.6. Nanoparticle Stability and Storage

Nanomaterials, especially those used in vaccines and drug
delivery systems, face significant stability challenges during
storage and transportation, which can impact their efficacy and
safety. For instance, lipid-based and polymeric nanoparticles can
degrade over time, resulting in reduced potency or altered
behavior in the body. Factors such as temperature, light
exposure, and pH significantly impact the stability of these
nanomaterials during storage (Crommelin et al., 2021; Kis,
2022). The shelf life of these nanoparticles is critical in ensuring
they maintain their intended effects once administered.

In particular, many nanomaterial-based vaccines, such as lipid
nanoparticles used in mRNA vaccines, require ultra-low
temperature storage, posing logistical challenges in distribution.
Maintaining a cold chain, typically at temperatures below -20°C,
is essential for preserving the stability of these sensitive
materials. This requirement can be especially problematic in
regions lacking refrigeration infrastructure. Research is ongoing
to improve the thermal stability of nanoparticles, aiming to
allow storage at more standard temperatures without
compromising effectiveness (Schoenmaker et al., 2021).

8. FUTURE DIRECTIONS for NANOMATERIALS in
MEDICINE

The future of nanomaterials in medicine holds significant
promise across fields like drug delivery, diagnostics,
regenerative medicine, and vaccines. Researchers are making
strides in developing new nanomaterials, optimizing existing
technologies, and addressing limitations to improve patient care.
Personalized medicine is a key area where nanomaterials are
expected to excel, particularly with patient-specific drug
delivery systems that target genetic profiles and disease
characteristics. These advancements are anticipated to make
treatments more effective while reducing side effects by
customizing therapy to individual biology (Mitragotri et al.,
2015). Nanomaterials are also enhancing biomarker-based
diagnostics, which may enable real-time monitoring of disease
progression and dynamic adjustment of treatments (Pelaz et al.,
2017).

Further advancements include the development of smart,
responsive nanomaterials capable of reacting to environmental
cues, such as pH or temperature, allowing for precision in
treatment  delivery.  For  example,  stimuli-responsive
nanoparticles are being designed to release drugs selectively in
diseased tissues, reducing off-target effects and increasing
efficacy. This is especially valuable in cancer therapy, where
multifunctional nanoparticles could deliver a combination of
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treatments like chemotherapy, immunotherapy, and gene therapy
within a single platform (A. Z. Wang et al., 2012). Theranostic
nanoparticles, which combine therapeutic and diagnostic
functions, are another emerging trend, offering the ability to
both treat and monitor diseases like cancer simultaneously (C.
Zhang et al., 2020).

Regenerative medicine is another field set to benefit from
nanotechnology. Nanomaterials ~ in  neurotherapeutics,
particularly nanoparticles that can cross the blood-brain barrier,
promise new treatments for neurological disorders, and scaffold-
based nanofiber technologies are advancing tissue engineering
by promoting neural and other tissue regeneration (Lowe et al.,
2019). In addition, the combination of nanotechnology with 3D
bioprinting could enable patient-specific tissue engineering,
reducing the need for donor organs and accelerating recovery.
Regulatory challenges remain, as the unique properties of
nanomaterials require the adaptation of regulatory frameworks
to ensure safe clinical translation. Standardized guidelines for
evaluating nanomaterials' safety, efficacy, and long-term effects
are crucial to balance innovation with patient safety (Domb et
al., 2021).

9. CONCLUSION

Nanomaterials have emerged as a transformative force in
modern medicine, offering revolutionary solutions across a
broad range of applications including drug delivery, diagnostics,
vaccines, and regenerative medicine. Their unique physical,
chemical, and biological properties enable highly targeted,
efficient, and customizable therapies, which are particularly
valuable in the treatment of complex diseases such as cancer,
neurological disorders, and infectious diseases.

From the early successes of nanoparticle-based drug delivery
systems like Doxil and Abraxane to the recent breakthroughs in
mRNA vaccines enabled by lipid nanoparticles, nanotechnology
is demonstrating its ability to address critical challenges in
healthcare. Nanomaterials are not only improving the
effectiveness of treatments but also reducing side effects by
ensuring precise targeting, controlled release, and enhanced
biocompatibility.

However, as promising as nanotechnology is, its integration into
mainstream medicine also faces challenges and risks. Issues
related to toxicity, long-term safety, environmental impact,
manufacturing scalability, and regulatory frameworks need to be
carefully managed. Advances in developing biodegradable,
biocompatible, and stimuli-responsive nanomaterials are already
addressing many of these concerns, paving the way for safer and
more effective nanomedicines.

The future directions of nanomedicine are incredibly exciting,
with the potential for personalized therapies, smart
nanomaterials, and theranostics that combine treatment and
diagnostics into a single platform. Moreover, ongoing research
into the role of nanomaterials in regenerative medicine, cancer
treatment, and overcoming the blood-brain barrier promises to
expand the possibilities of what nanotechnology can achieve in
healthcare.

While there are challenges to overcome, the role of
nanomaterials in medicine is set to grow significantly in the
coming years. With continued innovation, improved safety
protocols, and robust regulatory frameworks, nanotechnology
will increasingly become a cornerstone of future medical
advances, offering new hope for treating diseases more
effectively and improving patient outcomes globally.
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