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The traditional administration of therapeutic compounds is frequently
) hindered by poor solubility, rapid systemic clearance, and non-specific
Published on: biodistribution, leading to suboptimal therapeutic outcomes and significant
07.04.2026 off-target toxicities. This project explores the transition from conventional

dosage forms to Nanoparticulate Drug Delivery Systems (NDDS) as a
transformative solution to these pharmacological challenges. By engineering
carriers at the 1-1000 nm scale—including Lipid Nanoparticles (LNPs),
Published by: polymeric nanospheres, and inorganic matrices—it is possible to protect
sensitive "cargo" from enzymatic degradation while enhancing the
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’ (EPR) effect and active targeting through surface functionalization with

specific ligands. Key strategies such as PEGylation are discussed as a means
BY to evade the Mononuclear Phagocyte System (MPS) and extend biological
half-life. While challenges regarding long-term nanotoxicity and
manufacturing scalability remain, the integration of nanotechnology into drug
delivery facilitates a shift toward personalized, stimuli-responsive medicine.
International License. Ultimately, this report concludes that nanoparticle-based systems represent a

vital milestone in modern pharmaceutics, offering a high-precision platform
for treating complex diseases with improved safety and efficacy.

Creative Commons
Attribution 4.0

Keywords: Nanoparticles, Drug Delivery Systems, Lipid Nanoparticles,
Targeted Therapy, Pharmacokinetics, PEGylation, Bioavailability.

1. INTRODUCTION

The evolution of pharmaceutical science has shifted from conventional dosage forms toward
controlled drug delivery systems (DDS) to overcome the inherent limitations of non-specific
biodistribution. In conventional therapy, drugs are often absorbed and distributed randomly
throughout the body, leading to "off-target" effects where healthy tissues are damaged, resulting in
systemic toxicity and decreased efficacy. This challenge is particularly evident with small-molecule
medicines that show promise in laboratory settings but fail in human clinical trials due to rapid
clearance or poor solubility. Nanotechnology addresses these hurdles by engineering carriers at the
atomic or molecular level, typically ranging from 1 to 1000 nm. These nanoparticles (NPs) provide a
precise, cost-effective platform for the target-specific delivery of therapeutic agents, ensuring they
reach the intended site at a concentration that is effective yet safe.

At the nanoscale, materials exhibit unique physicochemical and biological properties that differ
significantly from their bulk counterparts. Because a substantial portion of a nanoparticle’s mass is
located on its surface, these systems possess an exceptionally high surface-area-to-volume ratio,
allowing for high drug-loading capacity and enhanced reactivity. Nanoparticles are complex
architectures generally composed of a surface layer, a shell, and a core where the drug is encapsulated
or attached. This structure allows for "stealth" modifications, such as PEGylation, which creates a
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hydrophilic shield to evade the body's immune system and prolong circulation time. Furthermore, the
ability to functionalize the NP surface with specific ligands enables active targeting of diseased cells,
significantly reducing the required dosage and minimizing adverse drug reactions.

A prominent illustration of this technology's clinical success is the development of Lipid
Nanoparticles (LNPs), which played a vital role in the delivery of mRNA for recent global
vaccination efforts. LNPs are spherical vesicles composed of ionizable lipids, phospholipids,
cholesterol, and PEG-ylated lipids that mimic cell membranes to facilitate intracellular uptake. By
protecting sensitive genetic material or toxic drugs from enzymatic degradation, these systems ensure
stable transport through the systemic circulation. As research progresses into stimuli-responsive
"smart" nanoparticles, the field is moving toward personalized medicine where treatments are tailored
to specific biological markers. Ultimately, nanoparticle-based delivery systems represent a milestone
in modern pharmaceutics, transforming the management of complex diseases like cancer and
tuberculosis through unmatched precision and safety.

Structural Diversity and Composition

The versatility of nanoparticles lies in their diverse morphology and composition. They are not simple
molecules but complex architectures typically composed of three layers: the surface layer, the shell,
and the core. Physically, they can manifest in various shapes—spherical, cylindrical, tubular, or
irregular—and can be classified by their dimensionality (0D to 3D).

A prominent example of this structural precision is the Lipid Nanoparticle (LNP), which gained
global recognition for its role in mRNA delivery for
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COVID-19 vaccines. LNPs consist of four critical components:

Ionizable Lipids: Facilitate binding to negatively charged cargo (like nucleic acids) and enable
endosomal escape in low-pH environments.

PEG-ylated Lipids: Ensure particle stability andhydrophilicity.
Phospholipids: Support the structural integrity of the bilayer.

Cholesterol: Maintains membrane fluidity and facilitates intracellular uptake.
2. CLASSIFIACTION

2.1. Organic Nanoparticles

These are primarily composed of organic molecules like lipids or polymers and are favored for their
high biocompatibility and biodegradability.

Lipid-Based Nanoparticles: This includes Liposomes (phospholipid bilayers) and Lipid Nanoparticles
(LNPs). As highlighted in the mRNA vaccine studies, these utilize ionizable lipids and cholesterol to
mimic cell membranes for intracellular delivery.
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Polymeric Nanoparticles: These are subdivided into Nanocapsules (where the drug is confined to a
cavity surrounded by a polymer membrane) and Nanospheres (where the drug is dispersed throughout
the polymer matrix). Common materials include PLGA, polycaprolactone, and natural polymers like
Chitosan.

Dendrimers: Highly branched, star-shaped macromolecules with a high degree of symmetry. Their
surface "branches" can be functionalized with multiple drug molecules or targeting ligands.

2.2. Inorganic Nanoparticles

These utilize non-organic materials, often providing unique optical, magnetic, or electrical properties
used in "theranostics" (therapy + diagnostics).

Metal-Based Nanoparticles: Primarily Gold (Au) and Silver (Ag) nanoparticles. Gold NPs are
frequently used for photothermal therapy due to their surface plasmon resonance.

Magnetic Nanoparticles: Usually composed of iron oxide (magnetite). These can be guided to a
specific body site using an external magnetic field.

Silica Nanoparticles: Mesoporous silica provides a large surface area and stable pore structure for
high drug loading.

Carbon-Based Nanoparticles: Includes Carbon Nanotubes (CNTs) and Fullerenes, which are
characterized by high mechanical strength and electrical conductivity.
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2.3. Classification by Dimensionality
Based on the physical structure and electron movement, nanoparticles are categorized into:

0D (Zero-Dimensional): All dimensions are at the nanoscale (e.g., uniform nanospheres, quantum
dots).

1D (One-Dimensional): Two dimensions are at the nanoscale, but one is elongated (e.g., nanotubes,
nanorods, nanowires).

2D (Two-Dimensional): Only one dimension is at the nanoscale, resulting in plate-like shapes (e.g.,
nanofilms, nanocoatings, graphene sheets).

3D (Three-Dimensional): Complex structures that are not confined to the nanoscale in any dimension
but are composed of individual nanocrystals or powders.

2.4. Classification by Morphology and Surface Charge

Shape-Based: Spherical, conical, tubular, or irregular. Anisotropic shapes (like prisms) often exhibit
different biological uptake rates compared to spheres.

International Journal of Pharmacy and Analytical Research (IJPAR) Page | 543



Dhamodhara Prasad et al / Int. J. Pharmacy & Industrial Research, 15(2) 2026 [541-331]

Surface Charge: Anionic (negative), Cationic (positive), or Neutral. Cationic NPs are often used to
bind negatively charged genetic material (DNA/RNA) but may have higher systemic toxicity than
neutral or PEGylated "stealth" particles.

3. TYPES
3.1. Lipid-Based Nanoparticles (LNPs)

As highlighted in the Jainu Ajit and Alva papers, LNPs are the most clinically advanced type. They
are spherical platforms consisting of a lipid bilayer or a solid lipid core.

Liposomes: The first generation of nanocarriers, consisting of an aqueous core surrounded by a
phospholipid bilayer. They can carry both hydrophilic drugs (in the core) and hydrophobic drugs (in
the bilayer).

Solid Lipid Nanoparticles (SLNs): These use solid lipids (like triglycerides) instead of liquid lipids,
offering better controlled-release profiles and increased stability for the drug.

3.2. Polymeric Nanoparticles

These are prepared from natural or synthetic polymers. According to Wilczewska, they are classified
into two structural types:

Nanospheres: A matrix system where the drug is physically and uniformly dispersed throughout the
polymer.

Nanocapsules: A reservoir system where the drug is confined to a central cavity surrounded by a
unique polymer shell.

Dendrimers: These are unique, highly branched, "tree-like" polymers. Their multi-functional surface
allows for the attachment of many targeting ligands, making them ideal for complex, multi-drug
delivery.

3.3. Inorganic Nanoparticles

These types are frequently discussed in the Yusuf et al. review regarding their unique
physicochemical properties:

Gold Nanoparticles (AuNPs): Highly stable and easy to functionalize. They are often used in cancer
therapy because they can convert light into heat to destroy tumor cells (photothermal therapy).

Magnetic Nanoparticles: Typically made of iron oxide, these allow for "site-specific" delivery by
using an external magnetic field to pull the drugs to a specific area of the body.

Quantum Dots: Tiny semiconductor particles (2-10 nm) used primarily for high-resolution biological
imaging and tracking drug movement within cells.

3.4. Carbon-Based Nanoparticles

Carbon Nanotubes (CNTs): Graphene sheets rolled into cylinders. They have a high surface area and
can penetrate cell membranes effectively, though their long-term toxicity is still being studied.

Fullerenes: Hollow carbon cages (like C60) that can act as antioxidants or carriers for small-molecule
drugs.

3.5. Polymeric Micelles

These are formed from amphiphilic block copolymers that spontaneously self-assemble in water.
They have a hydrophobic core (to hide insoluble drugs) and a hydrophilic shell (to stay stable in the
bloodstream).
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4. MECHANISM
4.1. Targeting Mechanisms

Passive Targeting (The EPR Effect): In cancerous tissues, the blood vessels are often "leaky" with
large gaps (fenestrations) between endothelial cells. Nanoparticles are small enough to pass through
these gaps and accumulate in the tumor. Because tumors also have poor lymphatic drainage, the NPs
stay trapped there—a phenomenon known as the Enhanced Permeability and Retention (EPR) effect.

Active Targeting: This involves "decorating" the surface of the NP with ligands (like antibodies,
peptides, or folic acid). These ligands act like a key, binding specifically to receptors that are
overexpressed on the surface of diseased cells (the "lock"). This ensures the drug is delivered directly
to the target, sparing healthy cells.

4.2. Cellular Internalization (Endocytosis)

Once the nanoparticle reaches the target cell membrane, it must enter the cell. Unlike small molecules
that may diffuse through the membrane, NPs are typically internalized through Endocytosis:

Adsorption: The NP attaches to the cell membrane.

Invagination: The cell membrane folds inward, wrapping around the NP to form a vesicle called an
endosome.

Endosomal Escape: This is a critical step for Lipid Nanoparticles (LNPs). As the pH inside the
endosome drops (becomes more acidic), ionizable lipids in the LNP become positively charged. They
interact with the negatively charged endosomal membrane, destabilizing it and releasing the drug into
the cytoplasm before it can be destroyed by lysosomes.

4.3. Controlled Drug Release Kinetics

The final step is the controlled release of the drug from the nanoparticle matrix. This can happen
through several mechanisms depending on the NP type:

Diffusion: The drug molecules move from the high-concentration core of the NP to the lower-
concentration environment of the cell.

Polymer Erosion/Degradation: The nanoparticle shell (like PLGA) slowly breaks down or dissolves,
gradually releasing the encapsulated drug over days or weeks.

Swelling: In hydrogel-based NPs, the matrix absorbs water and expands, allowing the drug to "leak" out.

Stimuli-Responsive Release: Some "smart" nanoparticles only release their cargo when triggered by
specific external or internal factors, such as:

pH-sensitive: Release occurs in the acidic environment of a tumor or endosome.

Thermo-responsive: Release is triggered by a specific temperature (local hyperthermia).
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Enzymatic: Release occurs only when a specific enzyme (common in certain diseases) cleaves the NP shell
5. ADVANTAGES AND DISADVANTAGES
5.1. Advantages of Nanoparticle-Based Delivery Systems

The primary strength of nanotechnology lies in its ability to transform a drug's pharmacokinetic
profile. By encapsulating active pharmaceutical ingredients (APIs), we achieve:

Enhanced Solubility and Bioavailability: Many potent new drugs are poorly water-soluble (BCS Class
II and IV). Nanoparticles increase the surface area and can carry hydrophobic drugs in a hydrophilic
shell, ensuring they are absorbed effectively.

Reduced Systemic Toxicity: By using active targeting (ligands) and passive targeting (EPR effect),
drugs accumulate in diseased tissues rather than healthy organs. This significantly reduces the side
effects commonly seen in chemotherapy.

Extended Circulation Time: Through PEGylation, nanoparticles evade the Mononuclear Phagocyte
System (MPS). This prevents rapid renal clearance and extends the drug's half-life, allowing for less
frequent dosing and improved patient compliance.

Protection of Labile Molecules: Sensitive molecules like mRNA, proteins, and peptides are prone to
enzymatic degradation. The nanoparticle acts as a protective shield, ensuring the "cargo" remains
intact until it reaches the target cell.

Controlled and Sustained Release: Unlike conventional tablets that cause "peaks and valleys" in blood
concentration, NP systems can be engineered to release drugs at a constant rate over days or even weeks.

5.2. Disadvantages and Clinical Challenges
Despite their potential, several hurdles remain in the widespread adoption of these systems:

Nanotoxicity and Immunogenicity: Because of their high surface reactivity, some nanoparticles can
trigger unintended immune responses or "cytokine storms." There is also concern about the long-term
accumulation of non-biodegradable particles (like some inorganic NPs) in the liver or spleen.

Complexity of Manufacturing: Scaling up production from a laboratory "benchtop" to a
pharmaceutical factory is difficult. Maintaining a uniform particle size (polydispersity index) and high
drug-loading efficiency during large-scale manufacturing is a significant technical challenge.

High Cost of Production: The materials (like ionizable lipids) and the specialized equipment required
for "bottom-up" synthesis make these formulations much more expensive than traditional generics.

Stability Issues: Nanoparticles can be physically unstable; they may aggregate (clump together) or the
drug may "leak" out prematurely during storage.

Regulatory Hurdles: Because they behave differently than standard chemicals, regulatory bodies like
the FDA/EMA require specialized, rigorous testing for "nanosimilar" products, which can delay
market entry.

6. FUTURE SCOPE OF DRUG DELIVERY

The field of nanotechnology is moving beyond simple "passive" carriers toward "intelligent" systems
that can sense and respond to the physiological environment. Key areas of future development
include:

Stimuli-Responsive "Smart" Nanoparticles: Future research is heavily focused on NPs that only
release their cargo when triggered by specific internal cues (like the low pH of a tumor or specific
enzyme concentrations) or external triggers (such as localized heat, ultrasound, or light). This "on-
demand" release will further reduce systemic side effects.

Theranostics: This is a burgeoning field that combines Therapy and Diagnostics into a single
nanoparticle. For example, a gold or magnetic nanoparticle could be used to image a tumor using an
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MRI and then immediately be triggered to release a chemotherapy drug or generate heat to kill the
cancer cells.

Personalized Nanomedicine: As genomic testing becomes standard, nanoparticles can be custom-
functionalized with ligands that match a specific patient's unique cellular receptors. This ensures that
the treatment is tailored to the individual's biological profile, a major goal in modern oncology and
rare disease treatment.

Oral Delivery of Biologics: A major "holy grail" in pharmacy is the oral delivery of insulin and other
proteins. Future nanoparticulate coatings (like mucoadhesive Chitosan) are being designed to protect
these sensitive molecules from stomach acid and help them cross the intestinal barrier, potentially
replacing daily injections.

Vaccine Technology beyond COVID-19: The success of Lipid Nanoparticles (LNPs) has opened
doors for mRNA vaccines against malaria, HIV, and even "cancer vaccines" that train the immune
system to recognize and destroy tumor cells.

7. CONCLUSION

Nanotechnology represents one of the most significant milestones in the history of pharmaceutical
science. By addressing the fundamental flaws of conventional drug deliverynamely non-specific
distribution, poor solubility, and rapid systemic clearancenanoparticles have provided a platform for
safer and more effective therapies.

As a pharmacist, it is clear that while challenges such as long-term nanotoxicity, high manufacturing
costs, and regulatory complexity remain, the benefits of site-specific delivery far outweigh the risks.
The transition from bulk materials to engineered nanoscale systems allows us to transform highly
toxic or unstable compounds into life-saving treatments. As we move toward an era of personalized
and stimuli-responsive medicine, nanoparticles will undoubtedly remain the cornerstone of innovative
drug delivery, ensuring that the "magic bullet" of pharmacology becomes a clinical reality.
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