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Abstract 

Nanoparticle-mediated drug delivery systems have revolutionized the science of 
pharmaceutics by overcoming pivotal issues related to traditional drug 
administration, including solubility limitations, fast degradation, and systemic 
toxicity. Such systems employ several nanoscale carriers, like liposomes, polymeric 
nanoparticles, dendrimers, and solid lipid nanoparticles, each for increasing drug 
stability, bioavailability, and target-oriented delivery to the desired tissue or cellular 
receptors. The inclusion of surface modifications, for example, ligand 
functionalization and PEGylation, have greatly enhanced nanoparticle circulation 
time, decreased immune clearance, and enabled targeted delivery of drugs with high 
accuracy, thus improving therapeutic efficacy while lowering toxicity. In addition, 
novel developments in hybrid nanoparticle platforms that combine organic and 
inorganic components have enhanced the functionality of drug carriers, enabling 
improved tunability in drug release kinetics. Besides that, the establishment of 
stimuli-sensitive nanoparticles that respond to physiological signals like pH, 
temperature, or enzymatic actions has made high-level and target-specific drug 
delivery possible, still enhancing therapeutic impacts. In contrast to these prospects, 
however, issues like scaling up production for large quantities, high cost, regulatory 
challenges, and long-term toxicity are outstanding impediments against extensive 
clinical up-take. Overcoming these limitations by sustained research in the fields of 
nanotechnology, materials science, and biomedical engineering is imperative for the 
optimal use of nanoparticle-based drug delivery platforms. With progressive 
development, such systems are well-positioned to become a revolutionizing force 
behind precision medicine, especially in cancer treatment, neurodegenerative 
disorders, and infectious diseases, paving the way to more efficacious and patient-
specific therapeutic regimens. 
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1. INTRODUCTION 

Nanoparticle drug delivery systems are a 
paradigm change in pharmaceutics, offering 
new solutions to the issues of conventional 
drug delivery [1]. These systems utilize 
nanoscale carriers like liposomes, polymeric 
nanoparticles, dendrimers, solid lipid 
nanoparticles, and metallic nanoparticles to 
enhance the bioavailability, stability, and 
specificity of drugs. Additionally, 
nanoparticles can be engineered to 
circumvent biological barriers, e.g., the 
blood-brain barrier, and preferentially target 
particular tissues or cellular receptors, 
allowing drug efficacy with reduced off-
target toxicity. These developments have 
profound implications for the therapy of 
many diseases, including cancer, 
neurodegenerative disorders, infectious 
diseases, and autoimmune diseases. By 
incorporating mechanisms of targeted 
delivery, nanoparticle-based systems have 
the ability to ensure that therapeutic agents 
are delivered to diseased tissues with high 
specificity, reducing the dosage and side 
effects needed[2]. 

 

Figure 1: Nanoparticle as drug delivery 
systems [3] 

The rapid progress in nanotechnology, 
materials science, and biomedical 
engineering has prompted the design of more 
sophisticated nanoparticle-based drug 
delivery systems that incorporate 
multifunctional functionalities for enhanced 
therapeutic benefits. Functionalization of 
nanoparticles with ligands, antibodies, or 
peptides enables active targeting of particular 
cellular receptors, enhancing drug selectivity 
and reducing systemic toxicity. Moreover, 
introduction of stimulus-responsiveness 
properties, such as pH-sensitive, 
temperature-sensitive, or enzyme-sensitive 
release mechanisms, allows controlled 
release according to a specific physiological 
status to deliver the most potent therapeutic 
effect at the desired site. Hybrid nanoparticle 
platforms based on organic and inorganic 
building blocks with enhanced stability and 
tunability for multifunctional drug delivery 
have also been explored in recent research. 
Despite these promising advances, large-
scale production, regulatory clearance, and 
long-term body safety hazards due to 
nanoparticle deposition are still problems. 
The cost of producing and formulating 
nanoparticle-based drugs is also a major 
barrier in their global application. But 
continued research and technical 
breakthroughs are expected to overcome 
these challenges, paving the way for 
nanoparticle-based drug delivery systems to 
transform precision medicine, enabling 
customized regimens of treatment and 
improving outcomes for patients with a wide 
variety of conditions [4]. 

1.1. Background Information and 
Context 
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Drug delivery has always been a challenge in 
pharmaceutical science, especially the 
achievement of specific targeting and 
reduced side effects. Traditional delivery 
methods are plagued with rapid clearance, 
enzymatic breakdown, low solubility, and 
systemic toxicity. Due to these shortcomings, 
the introduction of nanotechnology ushered 
in a new generation of drug delivery systems. 
Nanoparticles, with their small dimensions 
and tunable surface properties, provide 
important benefits in enhancing drug 
stability, solubility, and selective delivery of 
drugs to diseased tissues [5]. 

1.2. Objectives of the Review 

The primary objective of this review is to 
provide a comprehensive analysis of 
nanoparticle-based drug delivery systems, 
highlighting their advancements, challenges, 
and future prospects. 

• To explore different classes of 
nanoparticles and their functional roles 
in drug delivery 

• To assess pharmaceutical advancements 
in nanoparticle formulation and release 
mechanisms 

• To evaluate current challenges, clinical 
applications, and regulatory aspects 

• To identify research gaps and propose 
future avenues for development 

1.3. Importance of the Topic 

As the incidence of chronic and complex 
diseases continues to rise, the need for more 
efficient and patient-specific drug delivery 
systems is on the rise. Nanoparticles have 
proven to be a flexible and promising tool, 

with the ability to traverse biological barriers, 
target therapeutics with specificity, and 
minimize systemic toxicity. Their 
significance in pharmaceutics is highlighted 
by the number of nanoparticle-based 
products entering clinical trials and receiving 
regulatory approval. According to this, 
examining and comprehending NDDS is 
paramount for ensuring the ongoing 
progression of contemporary medicine [6]. 

2. ADVANCEMENTS, 
METHODOLOGIES, AND 
CHALLENGES IN NOVEL 
DRUG DELIVERY SYSTEMS 
(NDDS) 

New drug delivery systems (NDDS) have 
greatly enhanced therapeutic effectiveness 
through enhancement of drug bioavailability, 
targeting efficiency, and elimination of side 
effects. Liposomal drugs such as Doxil 
minimize cardiotoxicity, while polymeric 
nanoparticles including PLGA promote 
controlled release of the drug, which 
improves patient compliance. Lipid 
nanoparticles transformed vaccine delivery, 
particularly mRNA-based COVID-19 
vaccines. Development of NDDS depends on 
advanced synthesis methods, such as solvent 
evaporation and nanoprecipitation, with 
characterizing equipment like DLS, TEM, 
and zeta potential analysis determining 
particle characteristics. The advantages of 
targeted delivery and extended circulation 
are weighed against limitations including 
complex production, high expense, 
immunogenicity, and extended safety issues. 
Overcoming these constraints is key to wider 
clinical application [7]. 
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Figure 2: Advance in Drug Delivery Systems [8] 

2.1. Summary of Key Research Studies 

There are many examples where studies have 
noted the effectiveness of new drug delivery 
systems (NDDS) to enhance the outcome of 
treatment through increased drug 
bioavailability, targeted efficiency, and 
reduced side effects. Perhaps one of the most 
well-known is the liposomal form of 
doxorubicin, known by the commercial name 
Doxil, that has been shown to decrease 
cardiotoxicity drastically and increase tumor 
deposition in cancer patients, enhancing 
treatment efficacy. Parallelly, polymeric 
nanoparticles, especially PLGA-based 
nanoparticles, have shown controlled and 
sustained release of drugs over longer 
durations, thereby enhancing patient 
compliance and minimizing systemic 
toxicity. Along with traditional drug 
delivery, lipid nanoparticles have come to be 
an important technology, especially in the 
development of vaccines. The successful 

clinical deployment of mRNA COVID-19 
vaccines, including the Pfizer-BioNTech and 
Moderna platforms, is an example of NDDS's 
accelerated clinical utility and scalability. 
The combined findings from these milestone 
reports collectively set forth the translational 
value of nanoparticles in pharmaceutical 
sciences, showing that they are pivotal in 
driving drug delivery innovation and 
enhancing therapeutic potency in a vast array 
of disease conditions [9]. 

2.2. Methodologies and Findings 

Design and optimization of NDDS are 
dependent on a variety of advanced 
techniques of nanoparticle synthesis, 
formulation, and characterization. 
Representative methods of synthesis 
encompass solvent evaporation, 
nanoprecipitation, and emulsion-based 
approaches with specific advantages for the 
control of particle size, drug loading, and 
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release. Nanoparticle characterization is 
significant in determining the 
physicochemical characteristics of the 
nanoparticles, which directly influence their 
therapeutic efficacy. Methods like dynamic 
light scattering (DLS) are used to find 
particle size distribution, and transmission 
electron microscopy (TEM) is utilized for 
high-resolution morphological imaging of 
nanoparticles. Surface charge, which dictates 
colloidal stability and cell interactions, is 
measured by zeta potential analysis. Besides 
physicochemical characterization, in vitro 
and in vivo models are crucial for testing 
drug release kinetics, cytotoxicity, 
pharmacokinetics, and biodistribution. Major 
conclusions drawn in these investigations 
confirm that the determining factors in the 
therapeutic efficacy of NDDSs include 
particle size, surface modification, 
composition of the polymers, and drug 
encapsulation. PEGylation is known to 
increase the half-life, with ligand-specific 
targeting systems elevating the local delivery 
of medication, exemplifying the malleability 
and target specificity of NDDS for 
application in contemporary medicine [10]. 

2.3. Critical Evaluation of Strengths 
and Weaknesses 

Despite their immense advantages, NDDS 
are also associated with strengths and 
weaknesses influencing their clinical 
translation. One of their major strengths is the 
ability to deliver drugs specifically to the 
target site, reducing off-target toxicity and 
maximizing therapeutic index. Nanoparticles 
also deliver prolonged circulation time, 
which maximizes drug retention and 
bioavailability. They improve the solubility 
and stability of hydrophobic drugs, enabling 
improved absorption and efficacy. Moreover, 

NDDS protect labile molecules such as 
proteins, peptides, and nucleic acids from 
enzymatic degradation, making them suitable 
for biologics and gene therapy delivery. 
However, the formulation and large-scale 
manufacture of NDDS are problematic. The 
complexity of formulation techniques 
requires high-end equipment and technical 
know-how, leading to expensive production 
and possible scalability issues. Moreover, 
batch-to-batch variability in nanoparticle 
synthesis can affect reproducibility and 
regulatory approval. Another major concern 
is the toxicity and immunogenicity of certain 
nanomaterials, which demand careful 
preclinical and clinical evaluation to 
determine safety. In addition, the long-term 
effects of nanoparticles on human health and 
the environment are still unknown and 
require further research to assess their 
biodegradability, deposition, and potential 
adverse interactions. These problems need to 
be overcome to achieve the optimum clinical 
potential of NDDS and enable their 
widespread application in pharmaceutical 
and biomedical settings [11]. 

3. NANOPARTICLE-BASED DRUG 
DELIVERY: TYPES, 
MECHANISMS, AND 
OPTIMIZATION 

Nanoparticles are central to modern drug 
delivery, with improved solubility, stability, 
targeted delivery, and controlled release. 
Methods of formulation such as ionic 
gelation, solvent displacement, and 
emulsification-solvent evaporation aid in 
efficient encapsulation of the drug. 
Modifications on the surface such as 
PEGylation enhance circulation time, while 
active targeting increases therapeutic 
selectivity. All these advancements 
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maximally enhance pharmacokinetics 
through enhanced absorption, distribution, 
metabolism, and bioavailability, rendering 
nanoparticles a paradigm shift in precision 
medicine [12]. 

3.1. Types of Nanoparticles 

Nanoparticles have proven to be a 
multifaceted tool in pharmaceutical sciences, 
providing enhanced drug delivery, controlled 
release, and targeted therapeutic uses. 
Different nanoparticles are used depending 
on their structural and functional 
characteristics, each with its own strengths in 
drug formulation and delivery [13]. 

1. Liposomes: Liposomes are vesicular 
spheres made up of one or more 
phospholipid bilayers with an 
aqueous core inside. They are 
amphiphilic and hence suitable for 
the delivery of hydrophilic as well as 
hydrophobic drugs. Liposomal 
preparations improve drug solubility, 
stability, and bioavailability and 
lower systemic toxicity. Doxil is a 
known example, a liposomal 
formulation of doxorubicin, which 
reduces cardiotoxicity in cancer 
treatment. Moreover, liposomes can 
be functionalized with ligands to 
provide targeted drug delivery, 
enhancing the therapeutic outcome of 
diseases such as cancer, fungal 
infections, and genetic diseases. 

2. Polymeric Nanoparticles: 
Polymeric nanoparticles such as 
poly(lactic-co-glycolic acid) (PLGA) 
and polyethylene glycol (PEG)-based 
carriers are most commonly applied 
because they are biodegradable, 
biocompatible, and can deliver a 
controlled release of drugs. 

PEGylation enhances the circulation 
time by avoiding immune 
recognition, and hence polymeric 
nanoparticles are most effective in 
targeted cancer treatments and gene 
delivery. 

3. Solid Lipid Nanoparticles (SLNs): 
SLNs are made up of solid lipids 
stabilized with surfactants and 
provide a stable substitute for the 
conventional emulsions and 
polymeric nanoparticles. They offer 
good drug stability, controlled 
release, and high biocompatibility 
and are suitable for oral, topical, and 
injectable formulations.  

4. Dendrimers: Dendrimers are 
hyperbranched, nanoscale polymers 
with a defined architecture and high 
surface functionality, making them 
efficient in drug encapsulation and 
controlled release. Their 
multivalency also facilitates the 
attachment of several drug molecules 
or targeting ligands, enhancing 
cellular uptake and therapeutic 
efficacy. Dendrimers have been used 
for gene delivery, cancer therapy, and 
antimicrobial purposes because of 
their high drug-loading capacity and 
capacity to increase solubility. 

5. Gold and Magnetic Nanoparticles: 
Gold and magnetic nanoparticles 
have attracted considerable interest 
for drug delivery, diagnostics, and 
theranostics. Gold nanoparticles are 
very stable and can be functionalized 
with biomolecules, thus being 
appropriate for photothermal therapy, 
where heat is generated locally to kill 
cancer cells. Magnetic nanoparticles, 
particularly iron oxide nanoparticles 
(Fe3O4), are used in magnetic 

6



   J. Pharm. Res. Integr. Med. Sci.                                                                                                                          Patel et al.  

 
 
 
 
 

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS) 
 ISSN: 3049-1681 | Vol. 02 Issue 03, March 2025 | pp. 01-17 

J. Pharm. Res. Integr. Med. Sci.                             https://aktpublication.com/index.php/jprims/index 

 

                         

 

 

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS) 
ISSN: 3049-1681, Vol. 02, No. 03, 2025 (pp.  01-17) 

 

resonance imaging (MRI)-guided 
drug delivery, allowing precise 
localization and controlled drug 
release under an external magnetic 

field. These nanoparticles are also 
being explored for hyperthermia-
based cancer treatments. 

Table 1: Comparison of Major Types of Nanoparticles Used in Drug Delivery [14] 

Type of 
Nanoparticle 

Composition Advantages Limitations Common 
Applications 

Liposomes Phospholipid 
bilayers 

Biocompatible, 
encapsulate both 
hydrophilic and 
lipophilic drugs 

Low physical 
stability, 
potential 
leakage 

Cancer 
therapy, 
vaccines 

Polymeric 
Nanoparticles 

Biodegradable 
polymers 

(PLGA, PEG) 

Controlled release, 
tunable size and 

shape 

Possible toxicity 
depending on 
polymer type 

Cancer, gene 
therapy 

Solid Lipid 
Nanoparticles 

(SLNs) 

Solid lipids High physical 
stability, good drug 

protection 

Limited drug-
loading capacity 

Oral, topical, 
and parenteral 

delivery 
Dendrimers Branched 

synthetic 
polymers 

High drug-loading 
capacity, uniform 

structure 

Complex 
synthesis, 
potential 
toxicity 

Targeted drug 
and gene 
delivery 

Gold 
Nanoparticles 

Gold core with 
surface ligands 

Easily 
functionalized, 

suitable for 
imaging and 

therapy 

Accumulation in 
organs, long-
term toxicity 

Photothermal 
therapy, 

diagnostics 

Magnetic 
Nanoparticles 

Iron oxide core Magnetically 
guided targeting, 

MRI contrast agent 

Aggregation and 
clearance issues 

Cancer 
targeting, 
imaging 

 
 
 

3.2. Mechanisms of Drug Release and 
Targeting 

Nanoparticle-based drug delivery systems 
(NDDS) have transformed contemporary 
therapeutics by offering controlled drug 
release and targeted drug delivery, ensuring 
enhanced efficacy without increasing 
systemic toxicity. Drug release and targeting 

within nanoparticles can generally be 
categorized under passive targeting, active 
targeting, and stimulus-responsive controlled 
release [15]. 

1. Passive Targeting 

Passive targeting depends mostly on the 
Enhanced Permeability and Retention (EPR) 
effect, a phenomenon seen in tumor tissue 
and inflammation. Tumor vasculature is very 
permeable because of dysfunctional 

7



   J. Pharm. Res. Integr. Med. Sci.                                                                                                                          Patel et al.  

 
 
 
 
 

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS) 
 ISSN: 3049-1681 | Vol. 02 Issue 03, March 2025 | pp. 01-17 

J. Pharm. Res. Integr. Med. Sci.                             https://aktpublication.com/index.php/jprims/index 

 

                         

 

 

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS) 
ISSN: 3049-1681, Vol. 02, No. 03, 2025 (pp.  01-17) 

 

endothelial lining and inadequately 
developed lymphatic drainage. 
Consequently, nanoparticles, especially 
those with diameters between 10–200 nm, 
selectively deposit in tumors instead of being 
quickly cleared from the bloodstream. This 
buildup results in increased local drug 
concentrations within the diseased tissue 
while reducing exposure to healthy tissues. 

2. Active Targeting 

Active targeting entails functionalizing 
nanoparticles with ligands, antibodies, 
peptides, or small molecules that selectively 
bind to receptors overexpressed on target 
cells. This approach increases cellular uptake 
and intracellular drug delivery, providing 
greater specificity [16]. 

• Targeting Ligands: Folic acid, 
transferrin, aptamers, monoclonal 
antibodies (trastuzumab in the case of 
HER2-positive malignancy), peptides 
targeting tumor-specific receptors are 
some of the common targeting 
molecules. 

• Mechanism: The functionalized 
nanoparticle, after binding to the 
target receptor, is internalized by 
receptor-mediated endocytosis, 
trapping the drug inside the diseased 
cell for effective treatment. 

3. Controlled and Stimuli-Responsive 
Drug Release 

Nanoparticles are engineered for targeted 
drug delivery, where the drug is released in a 
controlled manner at a specific rate or upon 
encountering certain physiological stimuli 
within the target environment. This results in 
sustained drug levels, minimizing 

administration frequency and enhancing 
patient compliance. 

a. pH-Responsive Release 

The tumor microenvironment is moderately 
acidic (pH ~6.5) relative to that of normal 
tissues (pH ~7.4). Nanoparticles may be 
designed using pH-sensitive polymers that 
dissolve or swell upon exposure to acidity, 
resulting in the release of the drug payload 
[17]. 

• Example: pH-sensitive PLGA 
polymeric micelles release 
anticancer drugs selectively in 
acidic tumor tissues while 
reducing drug release in normal 
tissues. 

b. Temperature-Responsive Release 
Temperature-sensitive nanoparticles are 
structured to discharge drugs at high 
temperatures, typically present in infected or 
cancerous tissues. 

• Example: Thermosensitive lipid 
bilayer liposomes (e.g., 
thermosensitive liposomes) 
discharge their drug cargo upon 
heating to 40–42°C, the 
temperature range applied in 
hyperthermia cancer therapy. 

c. Enzyme-Triggered Release 

Some nanoparticles are designed to respond 
to specific enzymes overexpressed in 
diseased tissues, such as proteases, lipases, or 
matrix metalloproteinases. These enzymes 
degrade the nanoparticle matrix, stimulating 
drug release. 

8
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• Example: Protease-sensitive drug 
release from peptide-drug 
conjugates occurs when targeting 
proteases that are overexpressed in 
metastatic cancers. 

d. Redox-Responsive Release 
Tumor cells have high intracellular 
glutathione (GSH) levels that can be utilized 
as a drug release trigger. Disulfide bonds 
within redox-sensitive nanoparticles are 
cleaved by GSH, releasing the drug within 
the cancer cell [18]. 

• Example: Disulfide-crosslinked 
polymeric nanoparticles are 
degraded in response to 
intracellular GSH, allowing 
selective drug release inside tumor 
cells. 

3.3. Formulation and Surface 
Engineering of Nanoparticles 

Formulation approaches in drug delivery 
systems based on nanoparticles are made to 
effectively encapsulate the drugs without 
compromising their structural integrity, 
bioactivity, and stability. These approaches 
are important in increasing drug solubility, 
averting premature degradation, and 
controlling or targeting the release of the 
drug. Different formulation methods are 
applied depending on the drug's 
physicochemical characteristics as well as 
the targeted mechanism of delivery. Ionic 
gelation is used extensively in case of 
polysaccharide nanoparticles, in which ionic 
associations between charged polymers 
result in the formation of nanoparticles and 
finds application in delivering genes, 
proteins, and peptides. Solvent displacement 
or nanoprecipitation is a universally applied 

method permitting the spontaneous 
fabrication of nanoparticles from the addition 
of a water-immiscible organic phase to water, 
with utility in the entrapment of hydrophobic 
drugs in a highly efficient process. 
Emulsification-solvent evaporation is a 
process of dissolving drugs and polymers in 
an organic solvent, emulsification, and 
removal of the solvent, resulting in the 
production of nanoparticles with high drug 
loading capacity, which are frequently 
employed in polymeric and lipid-based 
nanoparticles [19]. 

To enhance circulation time and therapeutic 
action, nanoparticles undergo surface 
engineering modifications. PEGylation, the 
incorporation of polyethylene glycol (PEG) 
onto the nanoparticle surface, provides a 
"stealth" nature by reducing opsonization and 
immune system recognition, thereby 
enhancing systemic circulation. Such 
functionalization enhances nanoparticle 
internalization, tissue penetration, and drug 
deposition at the target site, ultimately 
enhancing treatment efficacy with less off-
target effects. 

3.4. Pharmacokinetics and 
Bioavailability Enhancement 

Nanoparticle-based drug delivery systems 
(NDDS) greatly improve pharmacokinetics 
by maximizing drug absorption, distribution, 
metabolism, and excretion (ADME) profiles. 
These systems solve major issues related to 
traditional drug formulations, including poor 
solubility, fast degradation, and short half-
life, thus enhancing therapeutic efficacy. 
Improved absorption is realized through 
nanoformulations that enhance the solubility 
of hydrophobic drugs, facilitating improved 
dissolution and absorption in the 

9
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gastrointestinal tract. Better distribution is 
brought about by nanoparticle modifications 
to allow targeted delivery, with more drug 
accumulation in disease sites and less 
systemic toxicity. Controlled metabolism is 
also provided, as NDDS can keep drugs away 
from premature enzymatic breakdown, 
guaranteeing prolonged action of the drug. 
Longer circulation time is also enabled by 
strategies such as PEGylation, which 
prevents early clearance by the 
reticuloendothelial system (RES) and 
prolongs drug half-life. 

A prime example is curcumin, which is a 
bioactive molecule of poor aqueous 
solubility and low free form systemic 
availability. Nanoformulated curcumin, 
contained in polymeric or lipid nanoparticles, 
exhibits remarkably enhanced bioavailability 
by enhancing its solubility, stability, and 
cellular delivery. The same enhancement is 
achieved with poorly soluble anticancer and 
antiviral drugs, wherein NDDS provide 
sustained release and enhanced therapeutic 
benefits. By transcending the 
pharmacokinetic constraints, NDDS open 
doors to more potent and targeted drug 
therapies, especially for drugs which would 
otherwise prove ineffective because of low 
bioavailability [20]. 

3.5. Clinical Applications of NDDS 

NDDS have been applied in a wide range of 
therapeutic areas: 

• Cancer Therapy: Nanoparticles are 
pivotal in revolutionizing cancer 
therapy with improved drug 
efficiency and safety. Traditional 
chemotherapy is typically followed 
by severe side effects due to non-

specific distribution of cytotoxic 
drugs, leading to toxicity of normal 
tissues. Liposomal doxorubicin 
(Doxil), for example, has been 
designed to reduce the cardiotoxicity 
of standard doxorubicin while 
ensuring maximal drug concentration 
in tumor cells. Similarly, albumin-
bound paclitaxel (Abraxane) 
increases the solubility and 
bioavailability of paclitaxel to ensure 
greater tumor penetration and 
reduced hypersensitivity reactions 
compared with conventional 
formulations. These nanocarrier-
formulations significantly enhance 
therapeutic effects via maximized 
efficacy of the drug and reduced 
systemic toxicity [21]. 

• Infectious Diseases: Nanocarriers 
have been recognized as potential 
tools for the fight against infectious 
diseases through targeted delivery of 
antibiotic and antiviral drugs. Several 
bacterial and viral infections are 
refractory to treatment because of 
drug resistance, low bioavailability, 
and poor permeation into the infected 
tissue. NDDS enhance the 
pharmacokinetics and biodistribution 
of antimicrobial drugs such that they 
achieve targeted delivery of 
pathogens with fewer side effects. 
Lipid and polymeric nanoparticles 
have been widely used for drug 
delivery against bacterial infections, 
HIV, and tuberculosis. Nanoparticles 
enhance drug stability, increase 
cellular uptake, and facilitate 
sustained release, which is especially 
useful for chronic infections that need 
extended treatment. Nanoparticle-
based delivery systems can also 
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overcome resistance mechanisms by 
facilitating intracellular drug 
accumulation, increasing therapeutic 
efficacy. 

• Neurological Disorders: One of the 
major obstacles in neurological 
disease treatment is the presence of 
the blood-brain barrier (BBB) that 
prevents the entry of therapeutic 
agents into the brain. Nanoparticles 
give a breakthrough through 
enhanced drug delivery across the 
BBB, offering more drug 
concentrations within the central 
nervous system. NDDS enable 
sustained and controlled drug release, 
leading to enhanced treatment 
efficacy of neurodegenerative 
disorders. Certain nanoparticle 
formulations are designed to be 
surface-functionalized with ligands 
that can bind to specific receptors of 
brain endothelial cells, allowing 
receptor-mediated transcytosis for 
enhanced brain delivery. In addition, 
nanocarriers protect susceptible 
therapeutic molecules against 
enzymatic degradation, facilitating 
prolonged circulation and controlled 
drug release, making them extremely 
effective in neuropharmacology. 

• Gene Therapy: Gene therapy has 
taken a huge leap with the discovery 
of lipid nanoparticle-based delivery 
systems. One of the biggest 
challenges in gene therapy is safe and 
effective delivery of genetic material 
(including siRNA and mRNA) into 
target cells without degradation. 
Lipid nanoparticles (LNPs) have 
become the gold standard to deliver 
nucleic acids due to their 
biocompatibility, stability, and high 
transfection efficiency. LNP products 
have been key to the success of 
mRNA-based COVID-19 vaccines 
(Pfizer-BioNTech, Moderna) where 
they were key in protecting fragile 
mRNA strands and cell uptake. Apart 
from vaccines, LNPs have the 
potential for use in treating genetic 
diseases, orphan diseases, and cancer 
by enabling targeted delivery of 
therapeutic genes. Advances in 
nanoparticle engineering, including 
ligand-functionalized and 
biodegradable nanocarriers, are 
further expanding the applications of 
gene therapy, potentially with safer 
and more effective treatments. 

Table 2: FDA-Approved Nanoparticle-Based Drug Delivery Systems [22] 

Drug Name Nanocarrier 
Type 

Active Agent Therapeutic 
Use 

Year of 
Approval 

Advantages 

Doxil® Liposome Doxorubicin Ovarian 
cancer, 
multiple 
myeloma 

1995 Reduced 
cardiotoxicity, 

improved 
targeting 

Abraxane® Albumin-
bound 

nanoparticles 

Paclitaxel Breast, lung, 
pancreatic 

cancer 

2005 Solvent-free 
formulation, 
better tumor 
penetration 
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Onivyde® Liposome Irinotecan Pancreatic 
cancer 

2015 Prolonged 
circulation and 

reduced 
toxicity 

Vyxeos® Liposome 
(dual drug) 

Cytarabine + 
Daunorubicin 

Acute 
myeloid 
leukemia 

2017 Fixed molar 
ratio, 

synergistic 
drug delivery 

Comirnaty® 
(Pfizer-

BioNTech 
COVID-19 
Vaccine) 

Lipid 
Nanoparticles 

mRNA COVID-19 
vaccination 

2020 Stable mRNA 
delivery, 
effective 
immune 
response 

 
4. DISCUSSION 

Nanoparticle Drug Delivery Systems 
(NDDS) have transformed pharmaceutical 
technology by improving the solubility, 
stability, and targeted delivery of drugs, 
resulting in enhanced therapeutic effects [23]. 
Their performance relies on important design 
parameters such as particle size, surface 
charge, and drug loading capacity, which 
affect biodistribution and controlled release. 
NDDS are important for precision medicine 
with site-specific drug delivery that reduces 
systemic toxicity, as in cancer treatments and 
mRNA vaccines. Yet, there are challenges 
ahead, such as issues of long-term toxicity, 
environmental safety, and the necessity of 
standardized manufacturing processes. 
Future research must address multifunctional 
nanocarriers, scalable production, and AI-
optimized optimization to unlock the full 
potential of NDDS for next-generation, 
personalized therapies. 

4.1. Interpretation and Analysis of 
Findings 

The studies discussed here pinpoint the 
efficacy of nanoparticle-based drug delivery 
systems in maximizing therapeutic effects. 
Such systems offer tunable platforms that 
allow for targeted control of pharmacological 
properties, so the drug is delivered with 
enhanced solubility, stability, and specificity. 
The performance of these nanoparticles is, to 
a large extent, determined by major design 
parameters such as particle size, surface 
charge, and drug loading capacity, which in 
turn affect their biodistribution, cellular 
uptake, and release kinetics. Smaller 
nanoparticles tend to have a better 
penetration into tissues, whereas surface 
charge is of utmost importance in cellular 
interactions and stability in circulation. 
Furthermore, maximization of drug loading 
capacity allows for the maintenance of 
controlled and sustained release, thus 
minimizing the frequency of dosing and side 
effects [24]. These benefits notwithstanding, 
the perfect nanoparticle formulation demands 
a balance between biocompatibility, stability, 
and therapeutic efficacy. Future studies 
should aim to optimize these parameters to 
achieve maximum clinical efficacy and 
overcome current limitations in drug delivery 
using nanoparticles. 
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4.2. Implications and Significance 

Nanoparticle Drug Delivery Systems 
(NDDS) are a revolutionary leap in pharma 
tech, marking the shift toward precision 
medicine and customized treatment 
strategies. These systems have a highly 
flexible platform that enables organized and 
focused delivery of therapeutic drugs, hence 
enhancing drug bioavailability, 
effectiveness, and minimizing systemic 
Consequences. By controlling drug release 
with high accuracy at the desired response, 
NDDS can minimize off-target effects to a 
great extent, which is very important for 
drugs with high potency that are applied in 
cancer treatment and neurological diseases. 
The versatility of NDDS allows them to cross 
physiological barriers, including the blood-
brain barrier and tumor microenvironments, 
to improve drug penetration and therapeutic 
efficacy. Their accomplishment in mRNA 
vaccine technology, exemplified by COVID-
19 vaccines, underscores their capability for 
rapid and efficient therapeutic development. 
In the same way, their use in cancer therapy, 
where they facilitate site-specific drug 
delivery, has revolutionized treatment 
paradigms, decreased toxicity and enhancing 
patient compliance. Clinical applications of 
NDDS are continually expanding, opening 
avenues for newer modes of treatment, 
promoting development in regenerative 
medicine, and achieving therapeutic 
specificity in different areas of medicine. 

4.3. Gaps in Research and Future 
Directions 

Even though tremendous progress has been 
made in Nanoparticle Drug Delivery Systems 
(NDDS), there are some research gaps and 
issues that still have to be addressed through 
further studies. One of the principal concerns 
is the lack of knowledge about the long-term 
toxicity and possible environmental concern 
of nanoparticles, particularly their deposition 
in biological systems and environments [25]. 
Their biodegradability, immunogenicity, and 
potential unwanted interactions within the 
body during long-term exposure need to be 
studied thoroughly. Moreover, there is no 
uniformity in the protocols for nanoparticle 
synthesis, posing challenges in achieving 
reproducibility, scalability, and regulatory 
compliance. Defining effective guidelines for 
nanoparticle synthesis, characterization, and 
quality control is necessary for effortless 
clinical translation and commercial scale-up. 
Furthermore, future research must focus on 
the creation of multifunctional nanocarriers 
for simultaneous drug delivery, real-time 
imaging, and stimulus-responsive behavior. 
Advances in nanotechnology should also 
prioritize enhancing the scalability of 
nanoparticle manufacture with quality and 
efficacy consistency. Additionally, the 
incorporation of artificial intelligence (AI) 
and machine learning into nanocarrier design 
and optimization can boost predictive 
modeling, rationalize formulation 
development, and speed up the identification 
of new nanoparticle-based therapeutics. 
Filling these gaps will be critical to releasing 
the full potential of NDDS, paving the way 
for more efficient, safer, and more precisely 
targeted drug delivery systems in the future. 
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Table: Summary of Literature on Nanoparticle-Based Drug Delivery Systems 

Authors Study Focus Area Methodology Key Findings 
Thakuria, 
Kataria, & 

Gupta 
[26] (2021) 

Nanoparticle-
based 

methodologies 
for targeted drug 

delivery 

Targeted drug 
delivery, 

bioavailability 
enhancement 

Review of 
various 

nanoparticle 
carriers 

(liposomes, 
polymeric 

nanoparticles, 
dendrimers) 

Nanoparticles 
improved drug 
bioavailability, 

protected drugs from 
enzymatic degradation, 
and reduced systemic 
toxicity through site-
specific drug release. 
Surface modifications 

like PEGylation 
enhanced circulation 

time and reduced 
immune clearance. 

Wang et 
al. (2021) 

[27]

Nanoparticle-
based drug 
delivery for 

anti-
inflammatory 

treatments 

Drug 
encapsulation 

and delivery for 
inflammatory 

diseases 

Analysis of 
functionalized 
nanoparticles, 

ligand-mediated 
targeting, and 

stimuli-
responsive 

mechanisms 

Nanoparticles 
enhanced drug 

retention at inflamed 
sites, improved drug 

accumulation via 
ligand-mediated 

targeting, and enabled 
stimuli-responsive 

drug release, 
improving medical 

efficacy while 
reducing 

Consequences. 
Yang & 
Merlin 

[28] (2019) 

Nanoparticle-
mediated drug 

delivery in 
inflammatory 
bowel disease 

(IBD) 

Targeted drug 
delivery for 

IBD 

Review of 
polymeric and 

lipid-based 
nanoparticles for 

mucosal 
adhesion and 

targeted release 

Nanoparticles 
improved drug 
bioavailability, 

facilitated targeted 
drug release in 

inflamed intestinal 
regions, and increased 

mucosal adhesion, 
enhancing disease 
management and 

reducing systemic drug 
exposure. 

Yang et al. 
[29] (2022) 

Nanoparticle-
based drug 

Drug delivery 
in 

Evaluation of 
lipid 

Nanoparticles 
improved drug 
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delivery systems 
for 

cardiovascular 
diseases 

cardiovascular 
diseases 

nanoparticles, 
polymeric 

carriers, and 
bioengineered 
nanoparticles 

solubility and stability, 
enabled sustained drug 
release, and selectively 

delivered drugs to 
atherosclerotic 

plaques. 

 
5. CONCLUSION 

Nanoparticle drug delivery systems have 
revolutionized the field of pharmaceutics by 
greatly improving drug bioavailability, 
facilitating specific targeted delivery, and 
allowing for controlled and sustained release 
of drugs. Nanoscale carriers have exhibited 
unparalleled therapeutic benefits in a wide 
range of medical applications, especially in 
cancer treatment, infections, and 
neurological diseases, by enhancing drug 
solubility, stability, and specificity. The 
combination of functionalized nanoparticles, 
stimulus-responsive mechanisms, and hybrid 
nanocarriers has enabled site-specific drug 
action with reduced systemic toxicity and 
side effects. Furthermore, the progress in 
surface engineering, including PEGylation 
and ligand functionalization, has further 
improved circulation time and cellular 
uptake, ensuring more efficient drug 
delivery. Nonetheless, owing to these 
hopeful advantages, some challenges remain 
such as the intricacies of large-scale 
manufacturing, long-term safety issues, 
immunogenicity, and regulatory 
impediments that obstruct extensive clinical 
translation [30]. Overcoming these constraints 
entails ongoing research, the creation of cost-
efficient and scalable production methods, 
thorough safety evaluations, and the 
implementation of standardized protocols for 
reproducibility and regulatory acceptability. 
Further, the incorporation of artificial 

intelligence and machine learning within 
nanomedicine may expedite nanoparticle 
engineering, streamline formulation 
strategies, and enhance drug delivery 
accuracy. In spite of barriers, the ongoing 
developments in nanotechnology and multi-
disciplinary inventions have tremendous 
capability to advance nanoparticle-based 
delivery systems, expand treatment 
effectiveness, and open ways for highly 
specific and precision-orientated medication, 
eventually revamping contemporary medical 
care and augmenting patient performance 
worldwide. 
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