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Nanotechnology has emerged as an important area of pharmaceutical research, offering
innovative approaches to drug delivery and therapeutic development. Nanotechnology-
based drug delivery systems use nanoscale materials to improve the solubility, stability,
bioavailability, and therapeutic effectiveness of drugs. These systems include liposomes,
polymeric nanoparticles, solid lipid nanoparticles, nanostructured lipid carriers, den-
drimers, polymeric micelles, and lipid nanoparticles. Conventional drug delivery sys-
tems may face challenges such as poor drug solubility, rapid elimination from the body,
limited absorption, and unwanted side effects. Nanotechnology can help address some
of these limitations by protecting drugs from degradation, modifying drug-release pro-
files, and improving drug distribution to particular tissues. These approaches have ap-
plications in cancer treatment, infectious diseases, neurological disorders, gene therapy,
and vaccine delivery. Despite their advantages, nanotechnology-based drug delivery
systems face challenges related to toxicity, manufacturing costs, formulation stability,
large-scale production, and regulatory approval. Further research is required to establish
their long-term safety and improve their clinical translation. This review discusses the
principles, types, preparation methods, mechanisms, applications, advantages, limita-
tions, and future prospects of nanotechnology in drug delivery systems.

INTRODUCTION

e Nanotechnology is the science and application of
materials at the nanoscale, generally within the
range of approximately 1-100 nanometers for

nanotechnology applications. At this scale, mate-
rials may exhibit distinctive physical, chemical,
and biological properties compared with their
larger-scale forms. In pharmaceutical sciences,
nanotechnology is used to develop drug delivery
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systems that can improve the performance of ther-
apeutic agents. These systems are designed to
transport drugs, protect them from degradation,
modify their release, and potentially improve their
distribution within the body. Traditional drug de-
livery systems, including tablets, capsules, injec-
tions, and conventional suspensions, are widely
used in medical practice. However, some drugs
have poor water solubility, low bioavailability,
short biological half-lives, or significant adverse
effects. For example, liposomal formulations can
encapsulate certain anticancer drugs and modify
their distribution in the body.

2.Classification of Nanotechnology-Based Drug De-
livery Systems

Nanotechnology-based drug delivery systems can be
classified according to their composition and structure

2.1 Liposomes

e Liposomes are spherical vesicles composed pri-
marily of phospholipid bilayers surrounding an
aqueous compartment.

Liquid agueous corg

Hydrophilic drugs

Liposome
e Vaccine and other therapeutic research.

2.2 Polymeric Nanoparticles

e Polymeric nanoparticles are nanoscale systems
made from natural or synthetic polymers.

e Depending on their structure, they may be classi-
fied as:

e Nanocapsules: The drug is contained within a core
surrounded by a polymeric membrane.

e Nanospheres: The drug is distributed throughout a
polymeric matrix.
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e Their structure allows them to carry different types
of drugs:

e Hydrophilic drugs may be incorporated into the
aqueous compartment.

e Lipophilic drugs may be incorporated into the lipid
bilayer.

e Advantages:

e (Can carry different classes of drugs.

e May protect drugs from degradation.

e Can modify drug distribution and release

e Some formulations have demonstrated improved
therapeutic performance.

e Applications:
e (Cancer treatment.
¢ Antifungal therapy.

e Antimicrobial delivery.

Phospho lipid bilayer

£ —=Hydrophilic head

Hydrophobic tail

Lipophilic drugs

e Commonly investigated materials include

biodegradable polymers such as polylactic-co-gly-
colic acid (PLGA).

Advantages:
e Drug release can be modified
e Different drug can be incorporated

e Biodegradable polymers can be in suitable formu-
lation

e Surface properties can be modified

Application:
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e Cancer research.

¢ Protein and peptide delivery.

e Vaccine development.

Polymeric nanoparticle

Polymeric membrane
Polymeric —= % B Drug ® b “shell”
matrix Lt s
iquid cavity
® ® “core”
Nanosphere Nanocapsule

e Controlled-release formulation
2.3 solid lipid nanoparticles

e Solid lipid nanoparticles are colloidal carriers
containing a lipid matrix that remains solid under
appropriate storage and physiological conditions.

e Solid lipids.

Surfactant
layer

Active

pharmaceutical o/ W\

ingredient

e Can use physiologically compatible lipid material
2.4 Nanostructured Lipid Carriers

e Nanostructured lipid carriers are lipid-based
nanocarriers containing a mixture of solid and
liquid lipids.

,
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e Surfactants or stabilizers.

e An active pharmaceutical ingredient.

e An aqueous phase used during preparation
Advantages:

e May improve the bioavailability of certain drugs

e The combination creates a less ordered lipid matrix
than that of many solid lipid nanoparticles.

Advantages:
e Topical drug delivery.
e Dermatological formulations.

e Delivery of poorly water-soluble compounds.
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Solid Lipid Nanoparticle
@

Drug
Solid Lipid

Surfactant

2.5 Polymeric Micelles

e Polymeric micelles are self-assembled structures
formed from amphiphilic polymers.

e They commonly contain a hydrophobic core and a
hydrophilic outer region.

e The hydrophobic core can accommodate certain
poorly water-soluble drugs, while the outer region

o9
1..

Hydrophilic shell [

Hydrophobiccore

l

Block copolymer
2.6 Dendrimers:

e Dendrimers are highly branched, approximately
spherical macromolecules with a defined architec-
ture and multiple surface functional groups.

e Drugs may be associated with dendrimers through
encapsulation, electrostatic interactions, or chemi-
cal attachment.

=i

'33*' INTERNATIONAL JOURNAL OF PHARMACGEUTICAL SCIENCES

e
1
t“\?_.é‘"

\S{r

of Pharm. Sci., 2026, Vol 4, Issue 11, 1423-1433 | Review

Nanostructure Lipid Carrier

Solid Lipid

Surfactant
Drug
Liquid Lipid
helps stabilize the structure in an aqueous envi-
ronment.

e Advantages:

e May improve the apparent solubility of poorly
soluble drugs.

e Can be designed for modified drug release.

Surface properties can be tailored.

Drug molecule

H:0 e :

Palymeric micelle

e Advantages:
e Precisely controllable molecular architecture.

Multiple sites for drug attachment or surface mod-
ification.
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branching
points

DENDRIMER
o Potential for targeted delivery research.

2.7 Lipid Nanoparticles

e Lipid nanoparticles are an important platform for
delivering nucleic acids and other therapeutic
molecules.

e They are particularly significant in messenger
RNA delivery and gene-based therapeutics.

e Application

e mRNA delivery.

e Gene-silencing approaches.

e Nucleic-acid-based medicines.

e Vaccine technology.

2 Principles of Nanotechnology in Drug Delivery

Nanotechnology-based drug delivery systems are de-
veloped using several important principles.

e Nanoscale particle size

e Nanocarriers can be engineered with small particle
sizes and specific surface properties. These char-
acteristics influence drug solubility, cellular up-
take, circulation, and tissue distribution.

e However, nanoparticles do not automatically reach
every target tissue. Their behavior depends on
particle size, surface chemistry, biological barriers,
and the characteristics of the disease.

3.2 Improved drug solubility

e Some pharmaceutical compounds have low aque-
ous solubility, which can limit their absorption and
bioavailability.

e Nanocarriers can incorporate poorly soluble drugs
into lipid matrices, polymeric structures, or other
suitable formulations.
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This may improve apparent solubility and drug

availability, depending on the formulation.
3.3 Protection from degradation

Nanocarriers may protect encapsulated drugs from
environmental conditions, enzymatic degradation,
or premature breakdown.

This is particularly relevant for certain proteins,
peptides, and nucleic-acid-based therapeutics.

3.4 Controlled drug release

Nanocarriers can be designed to release drugs
gradually or in response to specific conditions.

Release may be influenced by:

Diffusion of the drug through the carrier.
Degradation of the carrier material.
Changes in pH.

Enzymatic activity.

Temperature or other external stimuli in specially
designed systems.

3.5 Targeted drug delivery

Targeted delivery aims to increase drug accumu-
lation or uptake in a particular tissue or cell popu-
lation.

Two broad approaches are used:

Passive targeting: Relies on the distribution char-
acteristics of the nanocarrier and the biological
environment of the target tissue.

Active targeting: Uses ligands, antibodies, pep-
tides, or other recognition molecules to interact
with specific cellular targets.

Active targeting does not guarantee that a
nanocarrier will reach the intended tissue or
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improve clinical outcomes. Its effectiveness de-
pends on biological and formulation-related fac-
tors.

4. Preparation Methods of Nanotechnology-Based
Drug Delivery Systems

e The preparation method influences particle size,
drug loading, stability, drug release, and the suit-
ability of the final formulation for administration.

4.1 Solvent Evaporation Method

This method is commonly investigated for polymeric
nanoparticles.

Procedure:

e Dissolve a suitable polymer and drug in an appro-
priate volatile solvent.

e Disperse this organic phase in an aqueous phase
containing a stabilizer.

e Form an emulsion using an appropriate mixing
method.

e Remove the solvent by evaporation.
e Collect and purify the resulting nanoparticles.
¢ [Evaluate particle size, drug loading, and stability.

e The method is useful for incorporating certain
poorly water-soluble drugs into polymeric carriers.

4.2 Nanoprecipitation Method

e Nanoprecipitation is a method for producing poly-
meric nanoparticles.

e General principle:

e A polymer and drug are dissolved in a suitable
solvent and introduced into a nonsolvent phase. As
the solvent mixes with the nonsolvent, the polymer
precipitates and nanoparticles form.

e Particle characteristics depend on factors such as
solvent selection, mixing conditions,
concentration, and stabilizer composition.

4.3 Thin-Film Hydration Method

polymer

e General procedure:

e Dissolve appropriate lipids in a suitable organic
solvent.

e Remove the solvent to form a thin lipid film.

)
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e Hydrate the film using an appropriate aqueous
phase.

e Allow vesicles to form.
e Reduce particle size when necessary.

e Remove unencapsulated drug and evaluate the
formulation.

e This method is widely used in laboratory research,
although additional processing and optimization
may be necessary for a particular products

e 4.4 Ultrasonication uses high-frequency sound
energy to reduce particle or vesicle size.

e It is used in laboratory preparation of some lipo-
somes, lipid nanoparticles, and other nanoscale
dispersions.

e Potential limitations include heating, material
degradation, and difficulties in scaling up some
procedures.

4.5 Microfluidic Methods
e Microfluidic technologies control the mixing of

small volumes of fluids within specialized chan-
nels.

e They can provide controlled mixing conditions for
preparing certain lipid nanoparticles and other
nanocarriers.

e Potential advantages include reproducibility and
control over particle characteristics. However,
process optimization and scale-up validation re-
main necessary

5 . Mechanism of Drug Delivery Using Nanocarriers

The mechanism of nanotechnology-based drug deliv-
ery generally involves several stages.

Stage 1: Drug loading

The active pharmaceutical ingredient is encapsulated,
incorporated, adsorbed, or chemically attached to the
nanocarrier.

Stage 2: Administration

The formulation is administered through an appropriate
route, such as oral, intravenous, topical, or another
route depending on the product.

Stage 3: Transport in the body
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The carrier interacts with biological fluids, proteins,
tissues, and cellular barriers.

These interactions influence circulation time, distribu-
tion, and elimination.

Stage 4: Tissue accumulation

The nanocarrier may accumulate in particular tissues
depending on its properties and the biological envi-
ronment.

Some targeting approaches use specific molecular
interactions to improve uptake by selected cells.

Stage 5: Cellular uptake

Certain nanocarriers enter cells through processes such
as endocytosis. The precise uptake mechanism depends
on the carrier and the target cell.

Stage 6: Drug release

The drug is released through diffusion, carrier degra-
dation, chemical cleavage, or other formulation-de-
pendent mechanisms.

Stage 7: Therapeutic action

The released drug interacts with its biological target
and produces the intended therapeutic effect.

Important: Not all nanocarriers follow the same path-
way. Their behaviour depends on composition, particle
characteristics, administration route, and the drug being
delivered.

6 Advantages of Nanotechnology in Drug Delivery

e Improved solubility: May improve the formulation
of poorly water-soluble drugs.

e Enhanced stability: Can protect selected drugs
from degradation.

e Modified drug release: Allows the design of con-
trolled or sustained-release systems.

e Altered biodistribution: Can change where a drug
accumulates in the body.

e Potential for targeted delivery: May improve de-
livery to selected cells or tissues.

e Reduced toxicity in some formulations: Modified
drug distribution can reduce certain adverse ef-
fects.
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7 Applications of Nanotechnology in Drug Delivery
Systems

7.1 cancer treatment

e Cancer is an important area of nanomedicine re-
search because some anticancer drugs can affect
both cancerous and healthy cells.

e Nanocarriers may modify the distribution of anti-
cancer drugs and, in some cases, improve the bal-
ance between therapeutic effects and adverse
effects

e Applications include:

e Liposomal anticancer formulations.

e Nanoparticle-mediated drug delivery.
e Targeted delivery research.

e Combination drug-delivery systems.

e Investigational delivery of nucleic-acid therapeu-
tics.

e Example: Liposomal doxorubicin is a clinically
established formulation that illustrates how nan-
otechnology can modify the delivery of an existing
anticancer drug.

7.2 Brain Drug Delivery

e The blood-brain barrier restricts the passage of
many substances from the bloodstream into the
brain.

e Researchers are investigating nanocarriers to im-
prove the delivery of selected therapeutic agents
across or through this barrier.

e Potential applications include research into treat-
ments for neurological disorders and brain tu-
mours.

e However, effective brain delivery remains chal-
lenging, and many proposed nanocarriers have not
demonstrated established clinical benefit.

7.3 Gene and Nucleic-Acid Delivery

e Nucleic acids, including mRNA and small inter-
fering RNA (siRNA), may be unstable in biologi-
cal fluids and can have difficulty entering cells.

e Lipid nanoparticles can protect nucleic acids and
support their delivery into cells.
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e Potential applications include:
¢ Gene silencing.

e mRNA-based therapeutics.

e Genetic medicine.

e Vaccine development.

e Lipid nanoparticle technology has already contrib-
uted to clinically used nucleic-acid-based products.

7.4 Antimicrobial Drug Delivery

e Nanotechnology is being studied as a way to im-
prove the delivery of selected antimicrobial agents.

e Potential objectives include modifying drug re-
lease, improving local delivery, and increasing the
stability of certain compounds.

e Applications are being explored in bacterial, fun-
gal, and other infectious diseases.

e However, experimental improvements in labora-
tory studies do not necessarily establish better
outcomes in patients.

7.5 Oral Drug Delivery

e Some drugs exhibit poor oral absorption because of
low solubility, instability in the gastrointestinal
tract, or limited permeability.

e Nanocarriers may improve the apparent solubility
of selected drugs and influence their interactions
with the gastrointestinal environment.

e Potential benefits depend on the drug, carrier
composition, and formulation design.

7.6 Ophthalmic Drug Delivery

e The eye presents several barriers to effective drug
delivery, including tear clearance and limited pen-
etration into certain ocular tissues.

e Nanotechnology-based formulations are being
investigated to improve drug retention, stability,
and delivery to ocular tissues.

e Potential applications include the delivery of se-
lected drugs for ocular inflammation, infection,
and other eye disorders.

7.7 Vaccine Delivery

)
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e Nanotechnology can support vaccine delivery by
protecting selected biological materials and influ-
encing their uptake by immune cells.

¢ Lipid nanoparticles have played an important role
in the delivery of mRNA in certain vaccines.

e Other nanocarriers are being investigated as anti-
gen-delivery platforms and vaccine adjuvants.

8 Limitations and Challenges

e Despite its potential, nanotechnology-based drug
delivery has several limitations.

8.1 Toxicity and Biocompatibility

e Some nanomaterials may cause unwanted biologi-
cal effects depending on their composition, dose,
particle properties, and route of administration.
Toxicity and Biocompatibility

e Some nanomaterials may cause unwanted biologi-
cal effects depending on their composition, dose,
particle properties, and route of administration.

8.2 Manufacturing Cost

e Some nanocarriers may undergo aggregation,
drug leakage, particle-size changes, or chemical
degradation during storage.

e Appropriate formulation and stability studies are
necessary.

8.3 Stability Problems

e Some nanocarriers may undergo aggregation,

drug leakage, particle-size changes, or chemical
degradation during storage.

e Appropriate formulation and stability studies are
necessary

8.4 Scale-Up Difficulties

¢ A method that produces satisfactory nanoparticles
in a laboratory may not produce identical results at
an industrial scale.

8.5 Regulatory Challenges

e Nanomedicines may require detailed characteriza-
tion of particle size, size distribution, composition,
surface properties, drug loading, release character-
istics, and stability.
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Regulatory evaluation must account for the properties
of the specific product and its intended use.

8.6 Biological carriers

Nanocarriers may be removed by the body's clear-
ance systems or fail to reach their intended tissues.

Biological fluids and proteins can also alter
nanoparticle behaviour.

8.7 Limited Clinical Translation

Many promising nanocarriers remain at the labo-
ratory or clinical-investigation stage.

Results from cell studies or animal models do not
necessarily predict safety and effectiveness in hu-
mans.

Reviews of approved nanomedicines and liposo-
mal products emphasize the importance of formu-
lation quality, manufacturing consistency, and
regulatory evaluation.

9 Recent Advances in Nanotechnology- Based Drug
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Delivery
Stimuli-responsive nanocarriers

These systems are designed to release drugs in
response to particular conditions, such as changes
in pH, temperature, or enzyme activity.

They may provide improved control over drug
release, although clinical performance depends on
the disease environment and formulation.

9.2 Smart nanocarriers

Smart nanocarriers are designed to respond to bio-
logical signals or external stimuli.

Potential applications include controlled drug re-
lease and more selective delivery to particular tis-
sues.

9.3 Personalized nanomedicine

Personalized nanomedicine aims to adapt treatment
to individual biological characteristics, disease
features, or therapeutic requirements.

Further research is needed to determine which
approaches provide meaningful clinical benefits.

9.4 Nanotechnology in gene therapy
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e Nanocarriers are being developed to transport ge-
netic material into selected cells.

e Lipid nanoparticle platforms have become partic-
ularly important in nucleic-acid delivery, while
other approaches remain under investigation.

¢ 9.5 Combination Nano therapy

e Some nanocarriers are designed to transport mul-
tiple therapeutic agents or combine therapeutic and
diagnostic functions.

e Such systems may provide new treatment possi-
bilities, but their complexity can also increase
manufacturing and safety challenges.

10. Future Perspectives

e Nanotechnology has significant potential to con-
tribute to the development of new pharmaceutical
formulations. Future research should focus on
improving safety, reproducibility, cost-effective-
ness, and clinical performance.

Important future directions include:

1. Biodegradable nanocarriers: Developing materials
that break down into well-characterized products
and have acceptable safety profiles.

2. Improved targeting: Investigating methods to in-
crease drug delivery to intended tissues while lim-
iting exposure to healthy tissues.

3. Better manufacturing methods: Developing scalable
and reproducible processes suitable for pharma-
ceutical production.

4. Personalized treatment: Exploring nanocarriers that
address the needs of specific patient populations.

5. Improved analytical methods: Developing reliable
methods to characterize nanocarrier structure,
composition, drug loading, and stability.

6. Long-term safety research: Evaluating the distribu-
tion, metabolism, elimination, and potential accu-
mulation of nanomaterials.

11 CONCLUSION

Nanotechnology has become an important field in
pharmaceutical sciences because it provides new ap-
proaches to drug formulation and delivery. Liposomes,
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polymeric nanoparticles, solid lipid nanoparticles,
nanostructured lipid carriers, dendrimers, polymeric
micelles, and lipid nanoparticles offer different strate-
gies for improving drug stability, modifying release,
and changing drug distribution.

Applications include cancer treatment, nucleic-acid
delivery, vaccine development, antimicrobial therapy,
and research into neurological and ocular diseases.
Some nanotechnology-based medicines are already
used clinically, demonstrating the practical value of
selected nanocarrier platforms.

Nevertheless, nanotechnology-based drug delivery
systems face challenges related to toxicity, stability,
production costs, manufacturing consistency, and reg-
ulatory requirements. Not every nanocarrier improves
therapeutic outcomes, and many promising systems
require further clinical investigation.

In conclusion, nanotechnology offers valuable oppor-
tunities for developing advanced drug delivery sys-
tems, but successful pharmaceutical translation
requires evidence of safety, quality, and clinical effec-
tiveness.
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