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Abstract: Nanotechnology has accelerated over the past forty years and shows no signs of slowing down.
Nanotechnology-related innovations and products have transformed every facet of daily life, from the food
sector to medical uses. Nanoparticles have improved the intracellular delivery of hydrophobic medications,
greatly increased the shelf life of food products, and increased the effectiveness of some treatments like
anticancer medicines. As a result, nanotechnology has affected both the global economy and the standard of
living. Thisreview discusses the properties of nanoparticles that give them appropriate and potentially harmful
biological effects, as well as their uses in various biological domains and nanoparticle-based medications and
delivery systems in biomedicine, including nano-based medications that are currently FDA-approved in the
United States. The potential effects of ongoing nanoparticle exposure brought on by the growing usage of
nanotechnology are also emphasized, along with potential remedies.
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I. INTRODUCTION:

Drug delivery is essential to therapeutic success since a drug's efficacy depends on both its pharmacological
activity and its capacity to safely and carefully reach the intended location of action. Poor solubility, limited
bioavailability, quick clearance, and non-specific distribution are common problems with conventional drug
delivery methods such tablets, capsules, and injections. These shortcomings could result in decreased
therapeutic efficacy and undesirable side effects, which calls for the creation of sophisticated systems with
adjustable surface chemistry, a surface area-to-volume ratio, and the capacity to encapsulate a broad range of
medications. They are perfect transporters for both hydrophilic and hydrophobic medicinal drugs because of
their characteristics. Nanoparticles can be designed for targeted medication delivery, prolonged release, and
decreased toxicity by altering their surface functions. In order to overcome these obstacles, a lot of research
has been done during the past ten years on various nanoparticle kinds, including polymeric nanoparticles. In
the field of pharmaceutical sciences, nanotechnology has become a ground-breaking platform that offers

creative answers to the drawbacks of conventional drug delivery techniques. High lipid-based systems
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(liposomes, solid lipid nanoparticles, nanostructured lipid carriers), dendrimers, metallic nanoparticles, and

hybrid nanostructures are examples of the distinctive physicochemical characteristics of nanoparticles, which
are usually between 1 and 100 nanometers in size. Improved drug stability, regulated pharmacokinetics, and
increased patient compliance are just a few of the unique benefits that each of these systems provides. The
distribution of biomolecules like proteins, peptides, and nucleic acids as well as the treatment of cancer,
infectious diseases, cardiovascular disorders, and neurological conditions have all shown great promise with
nanoparticle-based delivery methods. For instance, nanoparticles have made it possible to deliver
chemotherapeutics to tumor tissues precisely in oncology, therefore lowering systemic toxicity. Similar to
this, nanoparticles serve as non-viral vectors for safer and more effective nucleic acid delivery in gene therapy.
The full-scale clinical translation of nanoparticle-based medication delivery is hampered by a number of
issues despite these impressive developments. Large-scale production, repeatability, long-term stability,
possible toxicity, regulatory obstacles, and cost-effectiveness are some of these concerns. Innovative research
and strong regulatory frameworks are necessary to address these issues in order to transition from
experimental success to Over the past few decades, the science of drug administration has undergone a
significant transformation, moving from straightforward dose forms to complex platforms intended to enhance
therapeutic efficacy and reduce side effects. Despite being widely utilized, conventional administration
methods frequently have drawbacks such non-specific biodistribution, fast systemic clearance, and inadequate
penetration into biological barriers. Nanoparticle-based drug delivery systems (NDDS) are the result of
nanotechnology's revolutionary response to these problems. Because of their nanoscale size, nanoparticles
have special qualities like increased permeability and better solubility of medications that are poorly soluble
in water. as well as the capacity to pass across biological obstacles like the blood—brain barrier. Additionally,
their surfaces can be modified with polymers, ligands, or antibodies to accomplish active targeting, which
allows the therapeutic payload to be delivered precisely to diseased tissues while avoiding healthy ones. The
capacity of NDDS to deliver regulated and prolonged medication release is a major benefit. Researchers can
create carriers that release medications in response to particular physiological cues, such as pH gradients in
tumors or enzymatic activity in diseased tissues, by adjusting particle size, surface charge, and composition.
Because of their versatility, nanoparticles can be used in a wide range of therapeutic applications. From
conventional liposomes and polymeric carriers to sophisticated systems like dendrimers, solid lipid
nanoparticles, metallic nanocarriers (such as gold and silver nanoparticles), and hybrid systems that blend
organic and inorganic components, recent research has broadened the scope of nanoparticles. In fields like
immunotherapy, gene delivery, and vaccine development, these innovative technologies have demonstrated
tremendous potential. For instance, the effectiveness of lipid nanoparticles (LNPs) in delivering mRNA
vaccines against COVID-19 has shown the scalability and therapeutic usefulness of nanoparticle technology

globally.
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I1. Types of Nanoparticles in Drug Delivery:

There are several types of nanoparticles commonly employed in NDDS, each offering unique advantages:

» Polymeric Nanoparticles: Made from biodegradable polymers like polycaprolactone (PCL) and
poly(lactic-co-glycolic acid) (PLGA), polymeric nanoparticles are widely employed for targeted distribution
and controlled medication release (Danhier et al., 2012). They are especially well suited for long-term drug

delivery applications in cancer therapy due to their biodegradability and biocompatibility (Kumar etal., 2015).

« Liposomes: Phospholipid bilayers make up these spherical vesicles, which can contain both hydrophilic and
hydrophobic medications. Through enhanced permeability and retention (EPR) effects, liposomes have been
employed extensively to encapsulate chemotherapeutic drugs and improve drug accumulation in tumor tissues
(Allen & Cullis, 2013). PEGylated liposomes, which have a longer bloodstream circulation period, are one
example of recent advancements (Torchilin, 2005).

« Solid Lipid Nanoparticles (SLNs): Solid lipids make up these sub-micron colloidal carriers. SLNs provide
stability, biocompatibility, and controlled drug release by combining the advantages of polymeric
nanoparticles and liposomes (Ekambaram et al., 2012). They have been used in anti-inflammatory and anti-

cancer treatments, among other drug delivery applications (Maller et al., 2011).

Dendrimers: Dendrimers are highly branching, tree-like molecules with fine structural control that offer
several functional groups for drug loading and targeting (Patri et al., 2005). Due to its capacity to improve
medication solubility and bioavailability, dendrimers have been investigated in gene delivery and as
anticancer drug carriers (Malik et al., 2000).

» Nanocrystals: These are pure drug nanoparticles stabilized by polymers or surfactants that increase the
pace at which pharmaceuticals that are poorly soluble in water dissolve (Junghanns & Miuller, 2008).

Particularly useful for increasing the bioavailability of hydrophobic medications are nanocrystal formulations.

» Size: Since this size range promotes cellular absorption and avoids the reticuloendothelial system's (RES)
quick clearance, nanoparticles between 10 and 200 nm are typically thought to be ideal for drug administration
(Danhier et al., 2012). The EPR effect allows small nanoparticles to more successfully enter tumor tissues
(Barua & Mitragotri, 2014).

« Surface Charge: The surface charge (often measured as zeta potential) affects the stability and interaction
of nanoparticles with cellular membranes. Positively charged nanoparticles tend to have better cellular uptake
but may increase toxicity due to interactions with cell membranes, while neutral or negatively charged
particles generally exhibit longer circulation times and lower toxicity (Owens & Peppas, 2006)
1. Size and Shape: The size and shape of the iron/silica nanoparticles must be carefully controlled to
optimize their performance and minimize any potential toxicity.
2. Surface functionalization: The surface of the nanoparticles can be functionalized with various

moieties, such as polymers, antibodies, or small molecules, to target specific cells or tissues. It is
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important to consider the stability, specificity, and efficiency of these functionalisation in the design

of the nanoplatform.

3. Core stability: Some of these nanoparticles such as iron oxide are known to be highly reactive, so it is
important to ensure that the iron oxide core of the nanoparticles is stable and does not degrade or
aggregate in biological systems.

4. Biocompatibility: The nanoplatform must be biocompatible, meaning that it should not elicit an
adverse reaction in biological systems, such as inflammation, toxicity, or immune response.

5. Release kinetics: For therapeutic applications, it is important to consider the release kinetics of the
payload from the nanoplatform. The release rate should be carefully controlled to ensure that the
payload is delivered in a manner that is effective and safe.

6. Targeting and accumulation: For therapeutic applications, it is also important to consider the targeting
and accumulation of the nanoplatform in the desired tissue or organ. The nanoplatform must be able
to selectively target and accumulate in the desired location in order to maximize its therapeutic

efficacy.

Size and Surface Area

As mentioned, nanoparticles have a high surface area to volume ratio since they are tiny particles with
diameters ranging from 1 nm to 100 nm. This characteristic makes some usually inert particles, like gold,
reactive in the nanoscale range because nanoparticles have a higher surface area of contact per mass unit than
more bulky particles. Because of their very small size, nanoparticles may readily penetrate bodily fluids and
tissues, which would otherwise be difficult for them to do in quantity. Essentially, the pace at which these
nanoparticles are endocytosed, dispersed, and maintained depends on their size and surface area, and removed
from biological systems. For instance, liposomes of particular sizes that are easier for mammalian cells to
internalize can be prepared using various lipid formulations. Extrusion techniques, for example, have been
employed in some research to create liposomes of appropriate sizes that are easily internalized by mammalian
cells using a polycarbonate membrane of preset size. It has been demonstrated that these liposome
manufacturing techniques increase the effectiveness of chemotherapy medications by improving cell
absorption.

are compatible, the liposome can be adsorbed to the cell membrane and internalized either by fusion with the
plasma membrane, which causes membrane invagination and internalization, or by receptor-mediated

endocytosis.
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Figl. Liposomal modification for drug delivery.
Carrageenan oligosaccharide-capped AuNP, for instance, has recently been demonstrated to significantly
release epirubicin in an acidic pH, inducing cell death in HCT-116 colorectal cancer cells. This phenomenon
has been used to trigger drug release in the tumor microenvironment, which is characterized by an acidic pH.
Nanoparticles' surface can change how they travel in aqueous biological systems, which can therefore have
an impact on their delivery or reactivity. These surface characteristics make them useful in a number of
applications, including drug delivery systems, medical implant coatings, and biomedical sensors. For instance,
because of the antibacterial qualities of AgNPs, an AgNP-functionalized titanium implant surface was created
to avoid postoperative infection caused by resistant strains of Staphylococcus aureus and
Liposomes are composed of an outer aqueous core and a lipid bilayer, both of which can be utilized for drug
delivery in the treatment of illness. In order to limit the phospholipid's fluidity, similar to that of the plasma
membrane, cholesterol is frequently included to the liposome preparation recipe.
Shape
As mentioned earlier, the size of nanomaterials can be adjusted, and during their production, their shape can
also be controlled. During the last stage of synthesis, which usually entails nucleating the nanoparticles from
seed, the morphologies of the particles can be changed. In order to create a template for the growth of
nanoparticle crystals, the nucleation process entails the fusion of nanoparticle nuclei known as seeds. Similar
to size, a nanoparticle's form is crucial to its biological activity and reactivity. In general, round or round
nanoparticles are more easily endocytosed than rod or tube-shaped ones [97]. This is due to the shape's impact
on endocytosis, which hinders the membrane's ability to cover the nano-construct upon contact. Therefore,
the incapacity of the cell to start the actin-dependent membrane dynamics required for endocytosis is probably
the cause of the decreased endocytosis of nano-rods or other forms.
The endocytosis of a nanoparticle can be significantly influenced by its form. Both clathrin-mediated and
clathrin-independent mechanisms can result in endocytosis. The nanoparticle’s form can influence the

endocytic pathway it uses and, consequently, how the cell internalizes it. Particle size and charge are two
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examples of the variables that can affect this less selective process. Furthermore, some shapes—Ilike rod-like

or bristle-like nanoparticles—can get stuck in the cell

I11.Mechanisms Nanomaterials: Drug Delivery Using Nanoparticles act as versatile carriers that transport
therapeutic agents to the site of action with high precision. Their drug delivery mechanisms can be broadly
categorized into passive targeting, active targeting, and stimuli-responsive release, each governed by unique

physicochemical and biological interactions.

1)Passive Targeting: Based on the Enhanced Permeability and Retention (EPR) effect, commonly seen in

tumors and inflamed tissues.

2)Active Targeting: Involves surface modification of nanoparticles with ligands (antibodies, peptides,
aptamers, sugars) that recognize and bind to specific receptors on target cells. This receptor-mediated binding
promotes cellular uptake via endocytosis and ensures site specific delivery. Example: Folic acid—conjugated

nanoparticles selectively target folate receptors, which are overexpressed in many cancer cells.

3) Cellular Uptake Mechanisms: Nanoparticles enter cells through multiple endocytic pathways:  Clathrin-

mediated endocytosis — uptake into clathrin-coated vesicles.Caveolae-mediated endocytosis — uptake
through lipid raft-associated invaginations. Macropinocytosis — engulfment of extracellular fluid and
nanoparticles. Once inside, nanoparticles release drugs into the cytoplasm or bypass lysosomal degradation
to deliver biomolecules like DNA and RNA.

4) Stimuli-Responsive Release: Nanomaterials can be engineered to release drugs in response to specific
triggers: *« pH-sensitive systems — release drugs in acidic tumor endosomes. microenvironments or * Enzyme-
sensitive systems — degrade in the presence of disease-specific enzymes. ¢ Temperature-sensitive
nanoparticles — release drugs when exposed to hyperthermia at diseased sites. * Redox -responsive systems
— triggered by high intracellular glutathione levels. « Example: pH-sensitive polymeric nanoparticles

carrying doxorubicin release the drug specifically in tumor tissues.

5) Controlled and Sustained Release: Nanoparticles provide a reservoir effect, slowly releasing drugs over
time. * Mechanisms include diffusion through the matrix, erosion of biodegradable polymers, or swelling-
controlled release. * Example: Poly (lactic-co-glycolic acid) (PLGA) nanoparticles provide sustained delivery

of hydrophobic drugs.

6) Transcytosis Across Biological Barriers: Certain nanocarriers (e.g., lipid nanoparticles, polymeric
micelles) can cross difficult barriers like the blood—brain barrier (BBB) via receptor-mediated or adsorptive-
mediated transcytosis. This property expands therapeutic possibilities for central nervous system (CNS)

disorders.
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7) Co-Delivery and Combination Therapy: Nanoparticles can encapsulate multiple drugs or drug gene

combinations, releasing simultaneously or sequentially.
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Fig 2. Proposed mechanism of action of AgNPs.
IV. Future Perspectives of Nanoparticle-Based Drug Delivery Systems:
Nanoparticle-based drug delivery systems (NDDS) represent one of the most transformative innovations
in modern medicine, yet their full potential is still unfolding. With ongoing advances in nanotechnology,
material science, and molecular biology, NDDS are expected to become more precise, intelligent, and

patient-centered in the future.

1) Precision and Personalized Nanomedicine: Integration of genomics, proteomics, and Al driven
predictive models will allow nanoparticles to be tailored for individual patients. Patient-specific
nanocarriers could optimize drug dose, release profile, and targeting, reducing adverse effects and

improving therapeutic outcomes.

2) Smart and Stimuli-Responsive Nanoparticles: Development of next-generation intelligent
nanocarriers that respond to multiple stimuli (pH, redox, enzymes, light, ultrasound, magnetic fields).
These “on-demand” systems will enable site specific and time-controlled drug release, particularly in

cancer, neurodegenerative, and inflammatory diseases.
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3) Theranostic Nanoplatforms: Combining therapy and diagnostics in a single nanoparticle platform.

Future systems will integrate imaging (MRI, PET, fluorescence) with therapeutic agents, enabling real -
time monitoring of treatment efficacy. This will improve early detection, personalized dosing, and

adaptive treatment strategies.

4) Nanoparticles in Gene and Nucleic Acid Therapy: Expansion beyond mRNA vaccines to siRNA,
CRISPR-Cas9, and DNA-based therapies. Nanoparticles will serve as safe, non-viral carriers for genome
editing and regenerative medicine. Could revolutionize treatments for genetic disorders, cancers, and

neurological diseases.

V. CONCLUSION: Recent years have seen rapid, practical progress in nanoparticle (NP)-based drug
delivery: lipid nanoparticles (LNPs) have matured into clinically validated carriers for nucleic-acid
therapeutics, enabling safe and efficient mMRNA delivery; surface engineering strategies (targeting ligands,
stealth coatings and stimuli-responsive moieties) have greatly improved targeting, circulation time and
cellular uptake; and nanoparticle platforms are now being actively integrated with immunotherapy and gene-

editing approaches to boost efficacy while lowering off-target toxicity.

These advances have expanded applications beyond oncology into vaccines, CNS disorders (new work shows
promising approaches to cross the blood—brain barrier), localized sustained-release formulations and organ-
specific targeting—demonstrating both therapeutic breadth and precision.Despite strong preclinical and early
clinical results, translation challenges remain: long-term safety and immunogenicity of -novel materials,
scalable manufacturing and reproducible characterization, regulatory harmonization, and gaps between
animal models and human outcomes are still major hurdles to broad clinical adoption.Looking ahead, the field
is shifting from single-purpose carriers toward multifunctional, biomimetic systems that combine targeted
delivery, controlled release, and sensing/diagnostic capabilities — promising truly personalized, lower-
toxicity therapies if regulatory and manufacturing challenges are solved. Continued interdisciplinary work
(materials chemistry, biology, engineering, and clinical trials) will be essential to convert these promising
advances into widely available treatments.
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