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Abstract 
_______________________________________________________________________________________________________________ 

Nanotechnology, the manipulation of matter at the molecular and nanometer scale, has emerged 
as a transformative force across multiple disciplines, particularly in medicine. Its unique 
physicochemical properties allow the design of nanoscale materials that improve diagnostics, 
therapeutics, and drug delivery systems. Nanomedicine, a pivotal branch of nanotechnology, 
focuses on precise targeting of drugs, controlled release, enhanced bioavailability, and improved 
imaging, ultimately enhancing disease management and patient outcomes. Over the past few 
decades, the rapid growth of research has facilitated the commercialization of various 
nanoparticle-based products, with drug delivery platforms comprising the largest market share. 
Nanoparticles, including liposomes, polymeric micelles, dendrimers, quantum dots, carbon 
nanotubes, nanoshells, nanobubbles, and solid lipid nanoparticles, offer distinct advantages such 
as biocompatibility, enhanced cellular uptake, targeted tissue accumulation, and the ability to 
cross biological barriers like the blood–brain barrier. Various fabrication methods-such as solvent 
evaporation, emulsification, ionic gelation, nano-spray drying, and supercritical fluid technology-
allow precise control over particle size, surface characteristics, and drug encapsulation, enabling 
customization for specific therapeutic needs. Nanoparticle-based systems have demonstrated 
significant potential in treating cancer, neurodegenerative disorders, infectious diseases, chronic 
kidney disease, and in vaccine delivery, including COVID-19.  

Keywords: Nanomedicine, Nanoparticles, Targeted drug delivery, Controlled release, 
Biocompatibility, Therapeutics 

 

1. Background 

Nanotechnology refers to the design and creation of 
functional systems at the scale of molecules and 
nanometers. At this extremely small scale, materials 
exhibit unique electrical, optical and physical, 
properties, making nanotechnology valuable across 
diverse fields such as materials engineering, medicine, 
electronics, and biological sciences 1. Nanomedicine 
represents a major branch of nanotechnology focused 
on applying nanoscale materials and strategies to 
healthcare. It aims to achieve highly precise diagnosis, 
prevention, and treatment of diseases by enabling 
improved imaging, targeted drug delivery and 
controlled therapeutic responses at the cellular and 
molecular levels 2. In recent decades, research in 
nanomedicine has grown rapidly and has increasingly 
translated into commercial applications worldwide, 
resulting in the launch of various nanotechnology-based 
healthcare products. Among these, nanotechnology-
enabled drug delivery platforms represent the largest 
segment of the market, accounting for more than 75% of 
total global nanomedicine revenues 2.Research on 
nanomedicine has increased dramatically in the last few 
decades, which is now being transformed into 

commercial ventures globally, leading to the launch of 
various products. Nanomedicine is currently led by drug 
delivery systems, which represent more than 75% of 
overall revenue 3.The diameter of nanoparticles ranges 
from 10 to 1000 nm. The active pharmaceutical 
ingredient (API) is enclosed, embedded, dissolved, or 
connected to the nanoparticle matrix. 4 It is possible to 
create nanoparticles by altering the manufacturing 
process. Drug delivery using nanoparticles has been 
demonstrated to be successful. There are numerous 
applications for nanoparticulate drug delivery systems, 
such as cancer treatment, gene therapy, radiation 
therapy, and AIDS treatment. It can additionally be 
utilized for the transport of antibiotics, proteins, and 
vaccines, and function as vesicles to traverse the blood–
brain barrier 5. 

2. Benefits of using nanoparticles in medicine 
delivery systems 

The advantages of using nanoparticles as drug carriers 
arise mainly from their very small size and the fact that 
many of them are formulated from biodegradable and 
biocompatible polymers. In drug delivery, particle size 
plays a critical role, as reducing particles to the 
nanoscale can significantly enhance solubility and 
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improve bioavailability. This improvement is largely 
due to their large surface area-to-volume ratio, which 
promotes faster dissolution and better interaction with 
biological systems. 6, 7 Furthermore, nanoparticles can 
penetrate biological barriers, including the blood–brain 
barrier, pulmonary epithelium, tumor vasculature, and 
even the tight junctions of skin and endothelial cells. 
Their nanoscale size enables efficient cellular uptake 
and promotes preferential accumulation of drugs at 
targeted tissues, enhancing therapeutic efficacy 8. 
Nanoparticles are generally more suitable for 
intravenous administration compared to larger 
microparticles. Since the diameter of the smallest 
capillaries in the human body is approximately 5–6 µm, 
particles intended for systemic circulation must be 
significantly smaller than this size to prevent vascular 
blockage or embolism. Therefore, nanoparticles—
because of their submicron dimensions—can travel 
through the microvasculature without obstructing blood 
flow. 9 The use of biodegradable polymers—both 
natural and synthetic—in nanoparticle formulation 
provides several therapeutic advantages. These 
polymeric nanoparticles enable targeted delivery, 
enhance the bioavailability of drugs, and support 
sustained and controlled release, allowing a single dose 
to maintain therapeutic levels over an extended period. 
Moreover, by modifying the polymer system, it is 
possible to protect the drug from degradation by 
physiological enzymes, improving stability within the 
biological environment 10. Moreover, many currently 
available oral and injectable drug formulations are not 
always optimal for therapeutic performance. 
Particularly, biologically sensitive molecules such as 
proteins and nucleic acids are prone to degradation and 
instability in physiological environments. Therefore, 
advanced carrier systems like nanoparticles are 
required to enhance their stability, protect them from 
degradation, and improve their therapeutic 
effectiveness. 11 

3. Types of Pharmaceutical Nanosystems 

3.1 Carbon nanotubes 

Carbon nanotubes were first discovered and 
characterized in 1991 by Sumio Iijima. 12 Carbon 
nanotubes are cylindrical, hollow formations made of 
rolled sheets of graphene (graphite). Their ends might 
be sealed with fullerene-like caps. They are categorized 
as SWCNTs (single-walled carbon nanotubes) or 
MWCNTs (multi-walled carbon nanotubes) based on the 
number of graphene layers. Generally, SWCNTs possess 
diameters around 1–2 nm, roughly double that of a DNA 
double helix, while MWCNTs can range from a few 
nanometers to several tens of nanometers, based on the 
number of concentric layers. The empty interior and 
adjustable surface chemistry of CNTs render them 
useful options for drug loading and targeted delivery 
purposes 13 Carbon nanotubes and Fullerenes are 
typically produced through methods like arc discharge, 
chemical vapor deposition (CVD), and combustion 
processes. These nanostructures are prized for their 
exceptional mechanical strength and structural stability, 
qualities that render them dependable carriers for drug 

delivery. Carbon nanotubes can penetrate cells via 
endocytosis or by directly traversing the cell membrane. 
Additionally, nanostructures based on fullerenes have 
shown targeted tissue selectivity, including localization 
within mitochondria. Besides their delivery abilities, 
fullerenes additionally feature significant antioxidant 
and antimicrobial characteristics. 14 

3.2. Quantum dots 

Semiconductor nanocrystals known as quantum dots 
(QDs) usually have a diameter of 2 to 10 nm. In order to 
improve their optical stability and fluorescence 
characteristics, they typically consist of an inorganic 
semiconductor core, such as cadmium selenide (CdSe), 
encased in an organic coating and frequently further 
coated with a zinc sulfide (ZnS) shell.  The addition of 
surface capping agents improves their water solubility 
and biocompatibility, allowing them to disperse 
effectively in aqueous environments. 15 The particle 
radius of quantum dots usually ranges from 2 to 10 nm. 
Their unique optical properties make them well-suited 
for in-vitro bio-imaging, long-term intracellular 
tracking, and real-time monitoring of cellular events. 
These features include narrow and size-tunable 
emission spectra, high photostability, broad excitation 
ranges in the UV region, and intense fluorescence 
output, which collectively distinguish them from 
conventional fluorescent dyes 16. Quantum dots (QDs) 
are utilized in a variety of diagnostic and therapeutic 
biomedical applications. They are employed for cell 
labeling, biomolecule detection, and monitoring cellular 
and biochemical processes. QDs also play an important 
role in DNA hybridization assays and immunoassays 
due to their stable and tunable fluorescence. 
Additionally, they are being developed as non-viral gene 
delivery vectors, nanocarriers for anticancer therapies, 
and as transport systems for both biological and 
synthetic therapeutic agents 17. 

3.3. Nanoshells 

Nanoshells are engineered nanostructures typically 
consisting of a dielectric silica core coated with a thin 
metallic shell, most commonly gold, and are widely 
explored for drug targeting and photo-thermal 
therapeutic applications 18. Nanoshells have recently 
attracted significant scientific interest due to their 
tunable structural and functional properties. By 
modifying the ratio between the core and the metallic 
shell, it is possible to precisely control their size, 
morphology, and optical characteristics. In situations 
where certain materials cannot naturally form the 
required shapes, nanoshell technology allows the 
creation of novel nanostructures by coating pre-formed 
particles of different shapes with a thin shell layer. This 
approach also offers economic advantages, as precious 
metals such as gold can be deposited in very small 
quantities over inexpensive core materials, reducing 
overall synthesis costs while retaining desirable 
functional performance 19. Nanoshells can be 
functionalized for active targeting through 
immunological techniques. For example, gold nanoshells 
can be conjugated with specific antibodies on their 
outer metallic surface, enabling them to selectively 
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recognize and bind to cancer cell antigens. This 
enhances cellular uptake and improves targeting 
efficiency toward tumor tissues, making gold nanoshell-
based systems highly effective for precision drug 
delivery and photo-thermal therapy 20. Nanoshells serve 
various functional roles in biomedical and material 
science applications, including chemical stabilization of 
colloids, enhancement of luminescence properties, and 
efficient drug loading and delivery. Their tunable core–
shell architecture allows controlled optical, chemical, 
and biological behavior, making them highly versatile in 
therapeutic and diagnostic systems 21. 

3.4. Nanobubbles 

Nanobubbles are nanoscale, gas-filled spherical 
structures that typically form at the interface of 
hydrophobic (lipophilic) surfaces in aqueous solutions. 
At physiological temperature, these nanobubbles can 
coalesce and transform into microbubbles, which 
remain stable even at room temperature. They generally 
arise in supersaturated liquid environments, where gas 
nucleation occurs on hydrophobic surfaces, leading to 
the trapping of air or other gases within the formed 
bubble structure. Drugs used in cancer therapy have 
been effectively incorporated into nanobubble carriers, 
enabling selective accumulation within tumor tissues. 
When exposed to ultrasound, these nanobubbles 
enhance cellular uptake of the encapsulated drug by 
promoting local bubble oscillation and cavitation, which 
increases membrane permeability and thereby 
improves therapeutic efficacy 22, 23, 24. 

3.5. Paramagnetic nanoparticles 

Magnetic nanoparticles are ultrafine particles, generally 
smaller than 100 nm, whose movement and localization 
can be directed using an external magnetic field. These 
particles are composed of magnetic elements or 
compounds, and their behavior is categorized based on 
their magnetic responsiveness. In particular, 
paramagnetic nanoparticles exhibit significantly greater 
magnetic susceptibility compared to conventional 
contrast agents. Due to these properties, magnetic 
nanoparticles play an important role in both diagnostic 
imaging and therapeutic applications, where their 
ability to be magnetically guided enables target-specific 
delivery and enhanced detection of particular tissues or 
organ 25, 26. 

3.6. Liposomes 

Liposomes are synthetic vesicular nanostructures 
composed of amphiphilic phospholipids, which 
spontaneously arrange into spherical bilayer 
membranes enclosing an aqueous interior. Their size 
can vary widely, typically from about 50 nm up to 
several micrometers, depending on formulation 
conditions. They are highly valued in drug delivery due 
to their excellent biocompatibility and biodegradability. 
Among nanocarrier systems under clinical development, 
liposomes are the most extensively studied and 
clinically advanced, as they are capable of prolonging 
drug circulation, reducing systemic toxicity, and 
minimizing off-target effects 27. Nanoscale-engineered 
liposomes demonstrate favorable pharmacokinetic 

behavior and are widely applied for the delivery of DNA, 
siRNA, therapeutic proteins, and anticancer agents. 
However, their application is limited by certain 
disadvantages, including restricted drug loading 
capacity, premature drug leakage, and limited control 
over drug release kinetics 28. Because liposomes 
generally have limited ability to cross cellular 
membranes, a significant portion of the encapsulated 
drug is often released into the extracellular space rather 
than being delivered directly into the cell interior 29. 
After oral or parenteral administration, liposomes may 
encounter a harsh biological environment that can 
compromise their structure. However, surface 
modification (such as polymer or ligand coating) can 
improve their stability and maintain vesicle integrity, 
enhancing their performance in systemic delivery 30. To 
reduce premature drug leakage from liposomal carriers, 
an ammonium sulfate gradient can be used to actively 
load drugs into the aqueous core. This technique 
enhances stable drug encapsulation, resulting in 
improved retention and reduced drug loss during 
systemic circulation 31. Liposomes can be conjugated 
with antibodies to enable target-specific drug delivery, 
allowing the therapeutic agent to be directed precisely 
to the desired cells or tissues 32. 

3.7. Niosomes 

Niosomes are vesicular nanostructures formed in 
aqueous media through the self-assembly of non-ionic 
surfactants. Their distinctive bilayer architecture 
enables them to serve as versatile drug delivery 
systems, capable of encapsulating both hydrophilic and 
lipophilic therapeutic agents 33. 

Niosomes mainly consist of non-ionic surfactants and 
are known for their low toxicity, excellent stability, and 
promise as a substitute for liposomes. In vivo, they 
replicate liposomal behavior by extending the 
circulation of encapsulated medications and modifying 
tissue distribution and metabolic stability. The 
properties of niosomes depend on both the composition 
of the bilayer and the preparation method. It has been 
demonstrated that incorporation of cholesterol into the 
bilayer reduces the internal aqueous volume, which 
consequently decreases drug entrapment efficiency 34. 
Current studies indicate that niosomes are highly 
effective as drug delivery systems, demonstrating broad 
applicability for encapsulating potent therapeutics, 
including anticancer and anti-inflammatory agents. 
Their stability, biocompatibility, and ability to enhance 
drug bioavailability make them promising candidates 
for targeted and controlled drug delivery 35. 

3.8. Dendrimers 

Dendrimers are a distinct class of highly branched 
polymers with precisely controllable size and 
architecture. Their overall dimensions are dictated by 
the degree of branching, which can be systematically 
adjusted during synthesis. The spherical internal 
cavities formed within dendrimers provide spaces that 
can be utilized for drug encapsulation and delivery, 
while the terminal functional groups on the periphery 
can be modified to enable conjugation with targeting 
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ligands, therapeutic agents, or imaging molecules 36. 
Dendrimers are highly advanced nanostructures due to 
their tunable surface functionalization and inherent 
stability, which make them attractive platforms for 
targeted drug delivery. Their architecture consists of 
three fundamental components: the central core, the 
branched interior, and the peripheral surface groups, 
each contributing to their versatility. This structural 
organization enables dendrimers to carry and deliver a 
wide range of bioactive molecules, including therapeutic 
drugs, genes, and vaccines, to specific tissues. Beyond 
drug and gene delivery, dendrimers have been 
employed in solubilization of poorly soluble 
compounds, gene therapy, immunoassays, and as 
contrast agents in magnetic resonance imaging (MRI) 36, 

37, 38 

3.9. Polymeric micelles 

Polymeric micelles are formed by self-assembly of 
amphiphilic block copolymers with both lipophilic 
(hydrophobic) and lipophobic (hydrophilic) segments. 
They typically consist of a hydrophobic block that 
aggregates to form the core, while a hydrophilic 
polymer chain such as polyethylene glycol (PEG) forms 
the stabilizing corona. In many systems, the 
hydrophobic (core-forming) block and the hydrophilic 
(corona-forming) block are of comparable chain length, 
which assists in achieving stable micellar architecture 39. 
Micellar drug delivery systems provide several benefits 
compared to traditional formulations. The use of 
micelle-forming surfactants enhances the solubility of 
poorly water-soluble drugs, thereby improving their 
dissolution profile. These systems also facilitate greater 
permeability of drugs across biological membranes, 
resulting in enhanced bioavailability and altered 
biodistribution patterns. Additionally, polymeric 
micelles can decrease the systemic toxicity of potent 
therapeutic agents. Their small size and hydrophilic 
outer shell enable prolonged circulation time in the 
bloodstream after intravenous administration, while 
simultaneously minimizing uptake by the 
reticuloendothelial system. Furthermore, micelles can 
be engineered for site-specific delivery by conjugating 
targeting molecules to their surface. The micellar core 
also provides a protective environment that helps 
prevent drug degradation within the physiological 
milieu 40, 41. 

3.10. Polymeric nanoparticles 

Polymeric nanoparticles (PNPs) are generally composed 
of biocompatible and biodegradable polymers, which 
make them particularly attractive for use in drug 
delivery applications. Their ability to safely break down 
within the body and their minimal toxicity profile has 
encouraged widespread research and development in 
this area 42, 43. Polymeric nanoparticles are generally 
classified into two structural forms: vesicular systems, 
known as nanocapsules, and matrix-type systems, 
known as nanospheres. Recent research has focused on 
modifying natural polymers to improve performance, 
alongside the development of synthetic polyesters. 
Chitosan is among the most widely utilized natural 
polymers in this context. The use of natural polymer-

based nanoparticles helps in minimizing the toxicity 
concerns commonly associated with purely synthetic 
polymer systems 44. Natural polymeric nanoparticles 
show superior performance compared to conventional 
drug delivery systems because of their enhanced 
efficiency and therapeutic effectiveness. However, they 
are not without limitations; issues such as inconsistent 
reproducibility, susceptibility to degradation, and the 
risk of inducing antigenic responses have been reported. 
The release profile of the drug encapsulated within 
these nanoparticles largely depends on the preparation 
method used. Despite these challenges, polymeric 
nanoparticles exhibit strong potential for intracellular 
delivery and targeted site-specific drug transport 45. 

Nanocapsules and nanospheres differ primarily in their 
structural organization. Nanocapsules possess a 
reservoir-type structure in which the drug is confined 
within an inner core surrounded by a polymeric shell. In 
contrast, nanospheres represent a matrix system where 
the therapeutic agent is uniformly dispersed throughout 
the polymer network 46. Polymeric nanoparticles can be 
visualized as a matrix system in which the drug is 
uniformly incorporated. The active compound may be 
dissolved, entrapped, or encapsulated either within or 
throughout the polymer matrix. Because these 
nanoparticles allow precise control over how a drug is 
released and delivered, they are considered a highly 
effective approach for cancer treatment as well as a 
range of other therapeutic applications 45. 

3.11. Solid lipid nanoparticles 

 SLNs (Solid lipid nanoparticles) were developed as an 
alternative to conventional colloidal carriers such as 
liposomes, emulsions, and polymeric nanoparticles. 
They serve as a controlled drug-delivery system, 
offering improved stability and regulated release of the 
encapsulated drug 47. Solid lipid nanoparticles are 
formulated using lipids that remain solid at both room 
and body temperature and are stabilized with one or 
more surfactants. Compared to other carrier systems, 
SLNs provide several advantages such as better 
biocompatibility, safe biodegradation, improved drug 
bioavailability—especially for ocular administration—
and the ability to achieve targeted delivery to the brain 
48. In recent years, the development of solid lipid 
nanoparticles has grown rapidly, particularly with the 
advancement of high-pressure homogenization 
methods. SLNs have been formulated and investigated 
for numerous therapeutic applications. Their nanoscale 
size enables intravenous administration and supports 
targeted delivery of drugs to specific sites within the 
body 49. 

3.12. Nanoemulsions 

Self-emulsifying drug delivery systems (SEDDS) and 
nanoemulsions and have recently gained significant 
interest as methods to enhance the bioavailability of 
poorly water-soluble drugs. Nanoemulsions are 
composed of two immiscible liquids, with one phase 
dispersed into the other as tiny droplets.” 50 When 
added to an aqueous environment with mild stirring, 
SNEDDS (self-nanoemulsifying drug delivery systems) 
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comprise a uniform blend of surfactant, co-surfactant, 
oil, and drug that effortlessly produce an oil-in-water 
(o/w) nanoemulsion. 51 These lipid-based formulations 
improve the oral bioavailability of poorly water-soluble 
medications through various mechanisms. In particular, 
their extremely tiny droplet size considerably lowers 
the interfacial tension between the aqueous 
gastrointestinal fluids and the oil phase, allowing for a 
more uniform and thorough medication distribution 
along the gut lining.  52 

The optimal preparation strategy is determined by the 
physicochemical characteristics of the selected drug and 
the polymer. Polymeric nanoparticles are typically 
produced through techniques like dispersing pre-
formulated polymers, coacervating hydrophilic 
polymers, and polymerizing monomers. Other methods 
mentioned in the literature encompass supercritical 
fluid technology and particle replication within non-
wetting templates. 53,54 

4. Manufacturing of Nano-systems 

4.1. Solvent evaporation method  

A commonly used technique for producing polymeric 
nanoparticles is the solvent-evaporation process. 
Initially, a solution containing a polymer and drug is 
emulsified into an aqueous phase, resulting in an oil-in-
water (o/w) emulsion. Next, the polymer-solvent is 
evaporated—by stirring or lowering pressure—which 
results in the precipitation of the polymer and the 
creation of nanospheres. The selection of this technique 
is heavily influenced by the solubility of the polymer 
and the hydrophobic nature of the organic solvent 
utilized. In the emulsification process, the drug-polymer 
blend is distributed in a water-based solution with a 
surfactant or emulsifier to stabilize the oil-in-water 
emulsion. After a stable emulsion has been created, the 
organic solvent is eliminated, resulting in nanoparticles. 
The ultimate dimensions of the nanoparticles are 
affected by various formulation and process factors, 
including the type and concentration of the polymer and 
stabilizer, along with the speed of the homogeniser. 55 
Techniques like high-speed homogenization or 
ultrasonication can be used to produce small-sized 
nanoparticles. After the nanoparticles are created, they 
undergo ultracentrifugation for collection, are rinsed 
with distilled water to eliminate any leftover stabiliser 
or unencapsulated drug, and subsequently lyophilized 
for storage. Two versions of this procedure are typically 
implemented: the traditional solvent-evaporation 
technique and a modified method that utilizes high-
pressure emulsification. 56 The latter technique involves 
forming an emulsion that is then subjected to high-
pressure homogenisation, followed by evaporation of 
the organic solvent under stirring. This approach has 
sufficiently improved the activity of various drugs when 
reformulated as nano-systems; for example, 
encapsulating Ibuprofen via the emulsification-solvent-
evaporation method enhanced its skin penetration 57 
and Betulinic acid nanoparticles as an alternative 
therapy for Visceral Leishmaniasis. 58 

 

4.2. Spontaneous emulsification method 

This technique can be applied for the formulation of 
both lipophilic and hydrophilic drugs. For hydrophilic 
(lipophobic) compounds, a multiple water-in-oil-in-
water (w/o/w) emulsion system is typically employed, 
where the drug is entrapped within the innermost 
aqueous compartment.” 59 This study 60 highlights the 
significance of spontaneous emulsification in forming 
both direct (oil-in-water) and reverse (water-in-oil) 
nano-emulsions. Optimization of formulation 
parameters—including surfactant type and 
concentration, oil phase nature, mixing order, and 
rate—was found to greatly influence droplet size and 
emulsion stability. The process enables encapsulation of 
both hydrophilic and lipophilic compounds, preserves 
sensitive actives, and offers potential for industrial 
scale-up. Overall, spontaneous nano-emulsification 
provides an energy-efficient, reproducible, and 
promising method for advanced pharmaceutical nano-
formulations. 

4.3. Double emulsion and evaporation method  

Evaporation-based nanoparticle fabrication methods 
often exhibit limited efficiency in entrapping 
hydrophilic drugs. The double emulsion (water-in-oil-
in-water, or w/o/w) approach is frequently employed to 
encapsulate lipophobic substances in order to get 
around this restriction. This method creates a primary 
w/o emulsion by emulsifying an aqueous drug solution 
into an organic phase that contains polymers while 
being continuously stirred. To create a stable w/o/w 
emulsion, this emulsion is subsequently disseminated 
into a secondary aqueous phase while being stirred. 
Afterward, solvent evaporation is performed, and 
nanoparticles are isolated through high-speed 
centrifugation, followed by washing to remove residual 
stabilizers or unentrapped drugs before lyophilization. 
The efficiency and characteristics of the resultant 
nanoparticles depend on several parameters, including 
the amount of hydrophilic drug incorporated, polymer 
and stabilizer concentrations, and the aqueous phase 
volume. 61 

Double emulsions, often referred to as “emulsions 
within emulsions,” are complex multiphase systems in 
which the dispersed droplets themselves contain 
smaller internal droplets. These systems are capable of 
encapsulating both hydrophilic and hydrophobic 
compounds, making them useful in pharmaceuticals, 
cosmetics, food, and other high-value formulations. 
They are particularly advantageous for entrapping 
hydrophilic molecules that typically exhibit low 
encapsulation efficiency in single emulsions due to rapid 
drug diffusion into the outer aqueous phase. However, 
achieving uniform droplet size and stability requires 
precise control of formulation and processing 
parameters. Recent research has focused on optimizing 
double emulsion methods for the encapsulation of 
anticancer, anti-inflammatory, and antibiotic drugs, as 
well as biomolecules such as proteins and amino acids, 
demonstrating their promising role in theranostic 
applications. Furthermore, studies highlight the 
importance of optimizing solvent systems, stabilizers, 
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polymers, and phase ratios to improve encapsulation 
efficiency and stability of the final formulations. 62 

4.4. Emulsions–diffusion method  

The solvent diffusion approach is another effective way 
to produce nanoparticles. In order to achieve 
thermodynamic equilibrium between the two liquid 
phases, the encapsulating polymer is dissolved in a 
somewhat water-miscible solvent, such as benzyl 
alcohol or propylene carbonate, which is first saturated 
with water. Depending on the oil-to-polymer ratio, the 
polymer–solvent mixture is then emulsified into a water 
phase using a stabilizer, which promotes solvent 
diffusion into the surrounding environment and 
produces nanospheres or nanocapsules. In the end, the 
solvent is removed by either filtration or evaporation, 
depending on how volatile it is. This method provides 
numerous benefits, such as superior encapsulation 
efficiency, lack of high-shear homogenization, great 
reproducibility, straightforward scaling, operational 
ease, and consistent particle size distribution. 63 The 
emulsification–diffusion (E-D) technique was created 
[64] as a substitute for the conventional emulsification–
evaporation method to address the problems linked to 
harmful organic solvents. This method has garnered 
attention for its ease, reproducibility, and versatility 
across different formulations. It represents one of the 
initial methods for nanoparticle fabrication studied 
from a mechanistic viewpoint and has effectively been 
utilized for encapsulating various therapeutic agents, 
such as peptides and proteins. This study aims to 
investigate the pharmaceutical significance and 
progress of the emulsification–diffusion technique since 
it was first developed. 64 

4.5. Solvent displacement method  

This approach represents a modification of the 
conventional emulsification–diffusion method, 
distinguished by the absence of a dilution step. During 
processing, the partially water-miscible solvent is 
extracted from the emulsion droplets under reduced 
pressure, promoting its diffusion into the external 
aqueous phase and leading to lipid aggregation into 
nanoparticles. The resulting particle size is influenced 
by key process variables such as stirring speed, phase 
ratios, stabilizer concentration, and lipid content, all of 
which were systematically analyzed and optimized for 
improved formulation performance. 65 The study 
demonstrated that the Venturi tube (VT) system is an 
efficient, reproducible, and scalable technique for 
nanoparticle production via solvent displacement. 
Turbulence generated within the VT significantly 
influenced particle size and yield, with the Reynolds 
number identified as a key factor. Optimal conditions 
yielded nanoparticles of uniform size and high process 
efficiency. This method offers great potential for large-
scale nanoprecipitation and can be adapted for other 
polymers with comparable physicochemical 
characteristics. 66 

4.6. Coacervation or ionic gelation method 

Ionotropic gelation is one of the most widely explored 
techniques for developing nanocarrier systems due to 

its simplicity and mild preparation conditions. The 
process relies on the ability of natural 
polyelectrolytes—such as chitosan, alginate, hyaluronic 
acid, and carrageenan—to undergo cross-linking in the 
presence of oppositely charged ions. During ionic cross-
linking, a three-dimensional network is formed through 
electrostatic interactions between polymer chains and 
multivalent counterions, which act as cross-linking 
agents with defined molecular characteristics. This 
technique is commonly employed for the fabrication of 
nanoparticles, hydrogels, and biofilms. 67 As an example, 
polysaccharide-based self-assembled nanogels 
represent a promising platform for drug delivery owing 
to their excellent biocompatibility, functional versatility, 
and retention of natural physicochemical properties. 
Utilizing natural polymers such as chitosan, alginate, 
and hyaluronan, these nanogels form through ionic 
cross-linking and metal coordination without requiring 
chemical modification. Their multiple reactive groups 
facilitate efficient drug encapsulation and controlled 
release, making them highly suitable for biomedical 
applications and offering strong potential for future 
clinical translation in therapeutic delivery systems. 68 

4.7. Polymerization method 

This technique involves the formation of nanoparticles 
through the polymerization of monomers in an aqueous 
medium. The drug can be incorporated into the system 
using two approaches: either by allowing it to diffuse 
into the polymerization medium during particle 
formation or by adsorbing it onto the surface of the 
nanoparticles once polymerization is complete. Both 
methods enable effective drug loading depending on the 
physicochemical properties of the drug and the polymer 
matrix. 69 Ultracentrifugation is employed to isolate 
nanoparticle suspensions from residual stabilizers and 
surfactants used during polymerization, after which the 
nanoparticles are re-dispersed in a surfactant-free 
isotonic medium. By adjusting the concentrations of 
stabilizers and surfactants, the desired nanoparticle size 
can be achieved. Numerous studies have utilized 
polymerization techniques for applications such as 
creating superhydrophobic cotton fabrics and 
developing nonporous polyimide-silsesquioxane 
nanostructures for soft dielectric materials. 70, 71, 72 
Acyclovir, a poorly water-soluble antiviral drug with 
low oral bioavailability, can be effectively formulated 
into nanoparticles to enhance solubility and absorption. 
Using chitosan as a biocompatible polymer, acyclovir 
nanoparticles prepared by the nanoprecipitation 
method showed improved drug entrapment, stability, 
and particle size distribution. This nanotechnological 
approach offers a promising strategy for enhancing 
acyclovir’s therapeutic efficacy. 73 

4.8. Nano spray drying 

Spray drying is a simple, fast, repeatable, and scalable 
method ideal for drying heat-sensitive 
biopharmaceuticals at low temperatures. In contrast to 
alternative drying techniques, it functions continuously 
to transform liquids into solid particles, enabling 
regulation of particle size, distribution, porosity, shape, 
density, and composition. Commercial spray-drying 
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machinery is readily accessible, and production 
expenses are reduced in comparison to freeze-drying or 
related methods. 74 Spray drying generally consists of 
four stages: (1) heating of the drying gas, (2) 
atomization to produce fine droplets, (3) solvent 
evaporation or droplet drying, and (4) collection of the 
resulting dry particles. The nano-spray drying technique 
allows the production of much smaller particles than 
conventional spray dryers, enhancing the bioavailability 
and controlled release of bioactive compounds and 
drugs. Nanoparticle-based drug formulations offer 
several advantages such as increased surface area, 
improved cellular uptake, enhanced stability, and 
targeted delivery capabilities. 75 Nanoparticle-based 
therapies have been increasingly utilized in pulmonary 
drug delivery to improve the administration of poorly 
water-soluble drugs, protect them from degradation, 
and enable controlled release and targeted delivery. 
This review highlights spray drying as an effective 
solidification technique to create nanoparticle-loaded 
microparticles (nanoparticle agglomerates) suitable for 
inhalation. It discusses the fundamentals of pulmonary 
drug delivery, spray drying mechanisms, and the 
formulation of various nanoparticle agglomerates such 
as nanoporous, nanocrystalline, lipid-based, and 
polymeric systems. Additionally, advanced methods like 
nano spray drying and supercritical CO₂-assisted spray 
drying are examined for producing optimized inhalable 
formulations. 76 

4.9. Supercritical fluid technology 

Traditional nanoparticle fabrication techniques often 
rely on organic solvents that pose environmental and 
physiological risks. To overcome these limitations, 
supercritical fluid technology has emerged as an eco-
friendly and efficient alternative for producing 
biodegradable micro- and nanoparticles. This method 
eliminates the need for toxic solvents while ensuring 
controlled particle size and high purity, making it highly 
suitable for pharmaceutical applications. 77 The green 
synthesis of chitosan nanoparticles provides an eco-
friendly, efficient, and sustainable approach for 
developing antimicrobial agents. Optimized 
nanoparticles demonstrated excellent physicochemical 
properties and potent antibacterial efficacy against 
multidrug-resistant, biofilm-forming Acinetobacter 
baumannii. These findings highlight their promising 
potential as biocompatible nanotherapeutics for 
combating resistant bacterial infections. 78 

5. Applications of nanoparticles  

5.1. Nanoparticles in the treatment of kidney 
disorders  

Nanotechnology offers a promising frontier in kidney 
disease therapy by enabling targeted, controlled drug 
delivery and improved treatment efficacy. Despite 
challenges in synthesis and renal targeting, 
advancements in nanoparticle design and 
understanding of kidney pathology provide a strong 
foundation for future clinical translation, 
revolutionizing kidney disease management and patient 
outcomes. 79 Nanotechnology offers promising 

advancements in the diagnosis and treatment of chronic 
kidney disease (CKD). Due to their unique 
physicochemical properties, nanoparticles can cross 
biological barriers, enabling early detection, targeted 
drug delivery, and therapeutic interventions for renal 
fibrosis and vascular calcification. Their use also 
enhances safety and efficiency in dialysis treatments. 
Despite challenges such as toxicity and biocompatibility 
concerns, continued research on nanoparticles holds 
great potential for improving CKD management and 
patient outcomes. 80 

5.2. Nanoparticles for treatment of tuberculosis by 
chemotherapy 

Nanoparticle-based drug delivery offers a promising 
strategy to overcome drug-resistant tuberculosis by 
enhancing the efficacy, bioavailability, and patient 
compliance of existing therapies. By reducing treatment 
duration, pill burden, and dosing frequency, this 
approach addresses the root causes of resistance and 
provides a pathway toward more effective TB 
management. 81 Nanomedicine represents a 
transformative advancement in tuberculosis treatment, 
addressing limitations of conventional therapies such as 
drug resistance, poor bioavailability, and patient 
noncompliance. By enabling targeted delivery, sustained 
release, and reduced dosing frequency, nanoparticle-
based systems and emerging therapeutics hold great 
promise for improving treatment outcomes, patient 
adherence, and global TB control in the future. 82 

5.3. Nanoparticles topical drug delivery for skin 
diseases 

Skin diseases significantly impact patients’ physical, 
emotional, and social well-being. Conventional therapies 
often face limitations such as prolonged treatment 
duration, poor efficacy, and systemic side effects. 
Nanocarrier-based dermal drug delivery systems 
overcome these challenges by enabling targeted, site-
specific delivery, enhanced skin penetration, and 
controlled drug release. These platforms offer improved 
therapeutic outcomes, reduced adverse effects, and 
theranostic benefits, making them a promising approach 
for managing conditions like psoriasis, atopic 
dermatitis, and skin cancer effectively and safely. 83 
Nanoparticles present promising opportunities for 
treating skin cancers by enhancing topical drug delivery 
and overcoming the skin’s barrier, especially when 
compromised by injury or inflammation. Despite 
extensive research, clinical translation remains limited. 
This review highlights current skin cancer types, 
management practices, and nanoparticle-based 
therapeutic strategies, emphasizing mechanisms of skin 
penetration and the challenges hindering clinical 
advancement from laboratory research to effective 
patient treatments. 84 

5.4. Drug targeting to infectious diseases by 
nanoparticles 

Nanotechnology has emerged as a promising approach 
in novel drug delivery systems, offering effective 
solutions for targeted therapy. In infectious diseases, 
where drug resistance and multidrug resistance pose 
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major challenges, nanotechnology-based delivery can 
enhance treatment efficacy and reduce resistance. By 
enabling site-specific targeting, these systems improve 
drug action and minimize side effects. This chapter 
discusses various targeting strategies, nanocarriers, and 
targeting moieties used against infectious diseases such 
as tuberculosis, malaria, dengue, HIV, and COVID-19. 85 

5.5. Applications of nanoparticles in treating 
Alzheimer’s disease 

The buildup of beta-amyloid plaques in the brain is the 
cause of Alzheimer's disease (AD), a progressive 
neurodegenerative condition. Although no permanent 
cure exists, current medications can only slow its 
progression. Nanotechnology has shown great promise 
in medical applications, offering new possibilities for AD 
diagnosis and therapy. This review highlights 
advancements and advantages of nanomedicines in AD 
management and suggests that future nanotechnology-
based diagnostic and therapeutic tools for AD and other 
CNS disorders may soon reach clinical application. 86 

5.6. Nanoparticles containing different anticancer 
agents 

In recent years, innovative approaches for cancer 
treatment have emerged, with chemotherapy remaining 
a primary method despite its harmful effects on healthy 
cells. To address this, advanced nanocarriers have been 
designed for targeted drug delivery to cancer cells, 
enhancing safety and efficacy. This review summarizes 
key nanocarriers such as polymeric micelles, liposomes, 
magnetic and mesoporous nanoparticles dendrimers, , 
gold nanoparticles, carbon nanotubes, and quantum 
dots highlighting their synthesis, applications, benefits, 
limitations, and potential for clinical translation. 87 Over 
the past decade, nanotechnology has advanced rapidly, 
finding applications in medicine, pharmaceuticals, 
electronics, and more. Nanoparticles offer advantages 
like targeted and controlled drug release and enhanced 
bioavailability but face toxicity concerns. Silver 
nanoparticles, due to their unique properties, are 
gaining attention as drug carriers for targeted cancer 
therapy. This review highlights recent progress in using 
silver nanoparticles for anticancer drug delivery and 
their role in improving therapeutic efficacy while 
minimizing side effects. 88 

5.7. Nanoparticles in vaccination against COVID‑19 

Nanoparticles are employed in several COVID-19 
vaccines to protect antigen cargo, whether proteins or 
nucleic acids, and to boost immunogenicity and vaccine 
effectiveness. Their complex nature makes 
characterization challenging, necessitating 
multidisciplinary methods. Effective evaluation involves 
a combination of physicochemical, immunological, and 
toxicological analyses, which help overcome preclinical 
hurdles, support the rapid development of safe and 
potent vaccines, and streamline regulatory approval for 
current and future public health emergencies. 89 
Coronaviruses, including MERS-CoV, SARS-CoV-2, and 
COVID-19, are positive-sense RNA viruses causing high 
morbidity and mortality, with socioeconomic impacts. 
Emerging variants demand effective treatments, though 

vaccines remain essential yet insufficient for full control. 
Nanotechnology-based vaccines—such as mRNA, DNA, 
inactivated virus, S-protein, and virus-vectored types—
are under clinical evaluation. Nanotechnology aids in 
precise diagnosis, vaccine delivery, antiviral 
administration, and sanitizer development, offering 
innovative strategies for COVID-19 prevention and 
therapy while presenting both challenges and 
opportunities. 90 

6. FDA Approved Nanomedicines 

Nanomedicine has witnessed remarkable progress over 
the past decades, demonstrated by the approval of 
around 90 products, including co-delivery 
nanomedicines like Vyxeos for acute myeloid leukemia 
(AML) and siRNA-loaded lipid nanoparticles (LNPs), 
Onpattro, for hereditary transthyretin-mediated 
polyneuropathy (hATTR). Since 2005, the FDA has 
streamlined nanomedicine approval processes, 
facilitating the commercialization of liposomes, 
nanocrystals (NCs), and LNPs, including COVID-19 
mRNA vaccines such as Comirnaty and mRNA-1273. 
NCs and Liposomes are particularly successful, 
accounting for over 60% of marketed nanomedicines 
due to their stability, high drug-loading capacity, and 
safety. Despite these advancements, the translation of 
nanomedicine from research to market remains low 
compared to the extensive number of publications, with 
challenges including limited enhanced permeability and 
retention (EPR) effects in human tumors, uncertain in 
vivo fate, toxicity, and protein corona effects on 
biodistribution and targeting. Novel strategies, 
including radioactive tracing, fluorescence bioimaging, 
and environment-responsive probes, are emerging to 
better understand nanoparticle behavior in vivo. Quality 
control of nanoformulations, including morphology, 
size, surface charge, drug loading, and release, is critical, 
and microfluidic techniques combined with quality-by-
design approaches support reproducible manufacturing 
under GMP conditions. Nanomedicine significantly 
improves drug delivery, enhances the stability and 
intracellular delivery of biopharmaceuticals, and 
reduces side effects. Lipid nanoparticles have enabled 
clinical use of nucleic acid therapies, exemplified by 
Onpattro and mRNA vaccines, opening a new era in 
biopharmaceutical applications. With ongoing 
innovations, nanotechnology is expected to increasingly 
transform drug development and expand the 
commercialization of biologics-related nanomedicines. 
91 

7. Summary  

The article “From Molecules to Medicine: 
Nanotechnology Transforming Modern Therapeutics” 
provides a comprehensive overview of the role of 
nanotechnology in modern medicine, with a strong 
focus on nanomedicine and nanoparticle-based drug 
delivery systems. It explains how manipulating 
materials at the nanoscale leads to unique 
physicochemical properties that enhance diagnosis, 
treatment, and disease management. The review 
highlights the advantages of nanoparticles such as 
improved solubility, enhanced bioavailability, targeted 
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drug delivery, controlled and sustained release, reduced 
toxicity, and the ability to cross biological barriers 
including the blood–brain barrier. These properties 
make nanoparticles highly suitable for delivering drugs, 
proteins, genes, and vaccines. 

A detailed classification of pharmaceutical nanosystems 
is presented, including carbon nanotubes, quantum 
dots, nanoshells, nanobubbles, magnetic nanoparticles, 
liposomes, niosomes, dendrimers, polymeric micelles, 
polymeric nanoparticles, solid lipid nanoparticles, and 
nanoemulsions. Each system is discussed in terms of 
structure, properties, advantages, and biomedical 
applications. The article also reviews manufacturing 
techniques for nanosystems, such as solvent 
evaporation, spontaneous emulsification, double 
emulsion, emulsification–diffusion, solvent 
displacement, ionic gelation, polymerization, nano-
spray drying, and supercritical fluid technology, 
emphasizing their suitability for different drugs and 
polymers. Furthermore, it outlines major therapeutic 
applications of nanoparticles in cancer, kidney 
disorders, tuberculosis, skin diseases, infectious 
diseases, Alzheimer’s disease, and COVID-19 
vaccination. The review concludes with a discussion on 
FDA-approved nanomedicines, highlighting successful 
clinical translations and remaining challenges like 
toxicity, biodistribution, and regulatory issues. Overall, 
the article underscores nanotechnology’s 
transformative potential in advancing precision 
medicine and improving patient outcomes. 

Conclusion 

Nanotechnology has profoundly reshaped modern 
medicine by enabling precise, controlled, and targeted 
therapeutic interventions. Systems based on 
nanoparticles offer substantial advantages over 
traditional formulations by improving medication 
stability, bioavailability, and potency while reducing 
systemic toxicity. With advancements in fabrication 
methods, diverse nanosystems—including liposomes, 
dendrimers, polymeric micelles, and lipid nanoparticles-
have found applications in cancer therapy, 
neurodegenerative diseases, infectious disorders, 
kidney disease, and vaccine development. FDA-
approved nanomedicines demonstrate the feasibility of 
translating laboratory innovations into clinical success. 
Despite remaining challenges such as toxicity, 
biodistribution uncertainties, and regulatory hurdles, 
ongoing technological innovations and research are 
expected to further expand the scope and effectiveness 
of nanotherapeutics, paving the way for a new era in 
precision medicine. 
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