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Nano-based drug delivery systems (NDDS) have emerged as a transformative 
approach in modern medicine, offering enhanced therapeutic efficacy, targeted 
delivery, and reduced systemic toxicity. This comprehensive review explores the 
fundamental design principles of NDDS, including material selection, surface 
functionalization, and payload encapsulation strategies. Various delivery 
mechanisms—such as passive and active targeting, stimuli-responsive release, and 
cellular uptake pathways—are examined to highlight their roles in optimizing drug 
bioavailability and therapeutic outcomes. The review further delves into current 
and emerging applications of nanocarriers across oncology, infectious diseases, 
neurological disorders, and gene therapy. Additionally, it addresses the challenges 
related to biocompatibility, large-scale production, regulatory hurdles, and clinical 
translation. By integrating recent advancements and interdisciplinary insights, this 
paper provides a holistic overview of the field and identifies promising directions 
for future research and development in nanomedicine. 
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INTRODUCTION  
The use of nanoscale materials to improve the 
effectiveness and specificity of medicinal agents 
is what makes nano-based drug delivery systems 
(DDS) a ground-breaking medical strategy. These 
systems are made to enhance medication 
solubility, bioavailability, and targeted 
administration by utilizing the special 
physicochemical characteristics of 
nanomaterials. These factors are essential for the 
treatment of complicated illnesses like cancer 
and viral infections. The integration of 
nanotechnology into drug delivery has led to 
significant advancements in therapeutic 
outcomes, allowing for more precise treatment 
options with reduced side effects compared to 
conventional methods [1-3]. The prominence of 
nano-based DDS has been particularly notable in 
oncology, where traditional therapies often 
suffer from limitations related to drug 
distribution and rapid clearance from the body. 
Nanocarriers such as liposomes, polymeric 
nanoparticles, and dendrimers have 
demonstrated enhanced capabilities for 

encapsulating chemotherapeutic agents, thereby 
improving their stability and controlled release 
profiles [4-6]  
 

Additionally, the creation of stimuli-responsive 
drug release mechanisms makes it possible for 
targeted therapies to deliver medications exactly 
where they are needed, increasing their efficacy 
while lowering systemic exposure[7-9]. Although 
nano-based DDS have many benefits, they also 
have significant drawbacks, such as problems 
with the drug's stability, toxicity, and 
biocompatibility within the nanocarriers. The 
possible negative health consequences of several 
nanoparticles have been questioned, highlighting 
the necessity of careful testing and control of 
these systems prior to their broad clinical use.[9-

10]. Effective drug distribution is also severely 
hampered by the complexity of biological 
barriers like the blood-brain barrier, 
underscoring the constant need for creative 
solutions to get beyond these restrictions[11-12]. 
The investigation of novel nanomaterials and 
delivery methods continues to be a dynamic and 
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quickly changing topic as nanomedicine research 
progresses. In a number of medical applications, 
including as gene-based therapeutics and the 
treatment of infectious diseases, the 
incorporation of these technologies into clinical 
practice has the potential to revolutionize 
therapeutic techniques and ultimately improve 
patient outcomes [13-15]. 
 

HISTORICAL BACKGROUND 
The development of drug delivery systems has 
undergone significant transformation over the 
years, culminating in the contemporary focus on 
nano-based technologies. Early drug delivery 
methods primarily relied on conventional 
systems, which often faced limitations regarding 
drug stability and targeted delivery. However, 
advancements in nanotechnology over the past 
few decades have provided innovative solutions, 
leveraging unique physicochemical properties of 
nanomaterials to enhance drug delivery efficacy 
[1-2]. The integration of nanotechnology into drug 
delivery began gaining traction in the early 
2000s, when researchers recognized the 
potential of nanoscale materials to improve 
pharmacokinetic and pharmacodynamic 
properties of drugs [3-4]. This era marked a shift 
towards the development of targeted drug 
delivery systems capable of delivering 
therapeutic agents more precisely to affected 
tissues, thereby minimizing side effects and 
enhancing therapeutic outcomes[2,5]. Research 
into nano-drug delivery systems has particularly 
emphasized their advantages in cancer 
treatment, where traditional therapies often 
yield suboptimal results due to non-specific 
distribution and rapid clearance from the 
body[7,8]. The introduction of nano-carriers, such 
as liposomes, polymeric nanoparticles, and 
dendrimers, has provided platforms for the 
encapsulation of chemotherapeutic agents like 
paclitaxel, improving their stability and release 
profiles [2, 7, 9]. These innovations represent a 
significant milestone in the evolution of drug 
delivery systems, highlighting the promising role 
of nanotechnology in modern medicine[10,11]. As 
research progresses, the exploration of new 
nanomaterials continues to inspire innovative 
drug delivery strategies, making it a dynamic and 
rapidly evolving field. Current investigations are 
focused on optimizing the design and function of 
nano-carriers to further enhance targeted 
delivery and reduce toxicity, solidifying their 
place as a cornerstone of contemporary 
therapeutic approaches [11-13]. 
. 

DESIGN OF NANO-BASED DRUG DELIVERY 
SYSTEMS 
Polymer Nanoparticles 
Polymer nanoparticles serve as a significant 
category of carriers for drug delivery and can be 
divided into two main classes: non-
biodegradable and biodegradable materials [1, 14]. 
Poly(lactic-co-glycolic acid) (PLGA), polyvinyl 
imine (PEI), polycaprolactone (PCL), and 
polyvinyl alcohol (PVA) are prominent examples 
of synthetic polymers. Due to their 
biocompatibility, non-toxicity, and lack of 
teratogenic effects, these synthetic polymers can 
live steadily with the majority of medications 
because their breakdown products do not harm 
cells [14, 15]. In contrast, polysaccharides, peptides, 
cholesterol (Chol), and cyclodextrin inclusion 
complexes are examples of natural polymers [13, 

15]. Amphiphilic block copolymers usually self-
assemble to produce polymer nanoparticles, 
which guarantees stability in their core and 
allows them to efficiently encapsulate insoluble 
medications [14, 16-18]. 
 

Macromolecular Carriers 
Synthetic and frequently branching 
macromolecules are essential to nano-drug 
delivery systems. Because of their spherical 
shape, which permits monodisperse 
arrangements, they can be used as nano-carriers 
to administer and solubilize specific insoluble 
medications. In addition to maintaining 
monodispersity and having the ability to adjust 
their molecular weight, dendritic 
macromolecules' distinctive branched 
architectures improve their efficacy as drug 
delivery vehicles [19, 20]. These macromolecules 
are great options for drug delivery applications 
because they offer a large number of surface 
functional groups and produce a hydrophobic 
environment that facilitates drug encapsulation 
[19]. Despite their advantageous properties, the 
presence of surface cationic charges can limit 
their clinical utility [1, 20, 21-28]. 
 

Composite Nanomaterials 
The development of composite nanomaterials—
which combine many features for improved 
functionality—is being investigated more and 
more. This includes creating multifunctional 
nano-drug delivery systems (NDDSs) that can 
hold both therapeutic and contrast agents by 
incorporating metal or inorganic non-metallic 
nanoparticles into polymer or lipid-based 
systems [20, 29]. By modifying the inorganic 
materials organically, these hybrid systems seek 
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Figure 1: Types of of nano-based drug delivery systems 

to enhance their physical and chemical 
characteristics, in vivo kinetics, and 
biocompatibility [30]. NDDSs with customized 
architectures and a variety of functions can be 
created by combining different metals and 
inorganic components [29, 31, 32]. 
 
RELEASE MECHANISMS FOR DRUGS 
In nano-based drug delivery systems (DDS), drug 
release mechanisms are essential for 
guaranteeing the efficient and precise 
administration of medicinal drugs. In order to 
regulate and enhance medication release 
profiles, which can be roughly divided into 
passive and active release mechanisms, several 
strategies have been devised. 
 
Mechanisms of Stimulus-Responsive Release 
The regulated release of therapeutic medicines in 
response to particular stimuli, such as pH shifts, 
temperature changes, or the presence of 
particular biomolecules, is made possible by 
stimuli-responsive drug release mechanisms. 
This method can increase therapeutic efficacy 
while reducing negative effects by triggering the 
release of medications at the targeted site. For 
instance, controlled release studies have looked 
at the possibility of pH-sensitive linkages like 
hydrazone and imine, showing that drug release 

may be adjusted depending on the local pH 
environment [1, 33]. 
 
Mechanisms of Passive Release 
The intrinsic qualities of the drug and the 
surrounding environment are used by passive 
drug release mechanisms to promote release. 
The size of the nanoparticles plays a crucial role 
in this mechanism since it affects their capacity 
to pass through biological barriers and arrive at 
their target locations. Nanoparticles with a size 
of less than 10 nanometers can readily cross 
capillary walls, while those ranging from 10 to 
100 nanometers may undergo passive diffusion 
through inter-endothelial junctions, thereby 
entering lymphatic vessels and enhancing 
medication delivery to specific regions in the 
body [12, 34, 35]. 
 
Self-Assembly in Drug Delivery 
One important factor in the development of 
nano-drug delivery devices is self-assembly. Self-
assembled nanoparticles (NPs) derived from 
natural products have demonstrated 
encouraging outcomes in terms of loading and 
delivering medicinal substances. For example, 
under some circumstances, licorice protein has 
been shown to self-assemble into NPs that can 
encapsulate a significant quantity of aconitine,  
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Figure 2: Drug release mechanisms in nano-based drug delivery systems 

enhancing the drug's pharmacokinetics and 
bioavailability [1, 36]. This technique provides for 
tailored action at the site of interest in addition 
to improving medication stability and solubility. 
 
Combining Targeting and Release 
Mechanisms 
The effectiveness of targeted drug delivery 
systems relies on the integration of various 
mechanisms to ensure that therapeutic agents 
accumulate at the desired site and are released in 
a controlled manner. Achieving high targeting 
efficacy involves the retention of DDS in the 
physiological system long enough to target 
specific cells and tissues while avoiding 
premature degradation by the immune system 
[10, 11]. The combination of passive targeting 
through the lymphatic system and active release 
strategies can significantly enhance the 
therapeutic impact of drug delivery systems, 
making them a vital area of research in 
nanomedicine. 
 
APPLICATIONS IN MEDICINE 
Cancer Therapy 
In oncology, nanoparticles have been 
instrumental in enhancing the delivery of 
chemotherapeutic agents. Various formulations, 
such as gold nanoparticles combined with 
traditional chemotherapeutics, have shown 
increased tumor targeting and improved 
therapeutic outcomes [37]. For instance, studies 
have demonstrated that lipid-based 
nanoparticles containing small interfering RNA 
(siRNA) targeting tau mRNA significantly reduce 
tau protein levels in animal models, offering a 
novel therapeutic strategy for tauopathies 
associated with neurodegenerative diseases [10]. 

Additionally, combining nanoparticles with heat 
therapy has exhibited a synergistic effect, 
enhancing the efficacy of both chemotherapy and 
radiotherapy [10, 38-40]. 
 
Overview of Nano-Based Drug Delivery 
Systems 
With their increased effectiveness and decreased 
side effects compared to traditional medications, 
nano-based drug delivery systems (DDS) have 
become a revolutionary method in medical 
therapy. These systems are very helpful in 
treating complicated illnesses like cancer and 
viral infections since they are made to enhance 
the targeting and controlled release of medicinal 
drugs. Smart delivery carriers that can react to 
particular physiological triggers have been made 
possible by recent developments in nanocarrier 
technology, which optimizes medication release 
patterns and reduces systemic exposure [36,41]. 
 
Infectious Disease Management 
Nano DDS are also being explored for treating 
viral and bacterial infections. Injectable 
nanoparticles that encapsulate antiretroviral 
drugs present a novel approach to delivering 
medication to HIV patients, thereby reducing 
dosing frequency and potentially serving as a 
preventative measure against infection [7, 36]. This 
method streamlines treatment regimens, 
increasing patient adherence and improving 
health outcomes [42-52]. 
 
Gene-Based Therapies 
Gene delivery poses unique challenges due to 
biological barriers and the susceptibility of 
genetic material to degradation. Nanoparticles, 
including lipid and polymeric carriers, have 
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proven effective in incorporating plasmid DNA, 
mRNA, and siRNA for gene-based therapies. 
Their ability to protect and deliver genetic 
materials allows for innovative vaccine 
development and personalized medicine 
applications, marking a significant step forward 
in treating genetic disorders and enhancing 
immune responses [10, 53]. 
 

ADVANTAGES OF DRUG DELIVERY SYSTEMS 
BASED ON NANOTECHNOLOGY  
Numerous benefits provided by nano-based drug 
delivery systems (DDS) improve the efficacy and 
security of medicinal substances. These 
advantages result from the special qualities of 
nanostructures, which allow them to get around 
a lot of restrictions related to traditional drug 
delivery techniques. 
 

Enhanced Bioavailability and Solubility 
One of the primary advantages of nano-DDS is 
their ability to significantly improve the 
solubility and bioavailability of poorly soluble 
drugs. Nanotechnology allows for the reduction 
of particle size, which increases the surface area 
and facilitates higher absorption rates in 
biological systems [54, 55]. This enhancement in 
solubility can lead to a more efficient therapeutic 
response, especially for drugs that typically face 
bioavailability challenges [56, 57-64]. 
 

Targeted Delivery 
Drugs can be selectively accumulated at 
particular locations within the body by using 
nano-carriers that are designed for targeted 
delivery. This focused strategy reduces adverse 
effects linked to systemic distribution while 
simultaneously optimizing the drug's therapeutic 
impact [19, 62]. To improve the accuracy of 
medication administration, some ligands that 
bind to receptors that are overexpressed in sick 
tissues can be incorporated into the design of 
nanocarriers [66, 67]. 
 

Controlled Release Mechanisms 
The use of regulated release methods is another 
important benefit. In order to sustain drug levels 
for extended periods of time, nano-DDS can be 
engineered to release their payloads in response 
to specified physiological variables, such as pH 
shifts or enzyme activity [14, 68]. This capability 
can help mitigate issues related to drug stability 
and side effects, as it allows for a steady release 
rather than a rapid bolus [1, 69, 70-72]. 
 

Biocompatibility and Biodegradability 
Many nano-carriers exhibit favorable 
biocompatibility and biodegradability, which are 

crucial for reducing potential toxicity and 
adverse reactions in patients [8, 69]. Natural 
product-based nano-DDS, in particular, benefit 
from low-cost and environmentally friendly 
synthesis processes that contribute to their 
appeal in clinical applications [10, 41]. 
 

Prolonged Drug Retention 
Nano-DDS also contribute to prolonged retention 
times of drugs within the bloodstream or 
targeted tissues. This results in a longer duration 
of therapeutic action and can potentially reduce 
the frequency of dosing [13, 54]. By extending the 
half-life of injectable medications, these systems 
can improve patient compliance and overall 
treatment outcomes [73]. 
 

Versatility in Applications 
The versatility of nano-based drug delivery 
systems extends to various fields, including 
cancer therapy, vaccine delivery, and the 
treatment of chronic diseases. By optimizing the 
physicochemical properties of the carriers, 
researchers can tailor nano-DDS to meet specific 
clinical needs, thus broadening the scope of 
therapeutic interventions available [11, 74-76]. 
 
CHALLENGES AND LIMITATIONS 
The efficacy and safety of nano-based drug 
delivery systems in clinical settings are impacted 
by a number of obstacles and restrictions. These 
restrictions fall into three general categories: 
delivery efficiency, stability, and 
biocompatibility. 
 

Drug Stability and Release 
One of the primary challenges is drug instability, 
which can lead to a risk of displacement and 
uncontrolled release of the therapeutic agents 
from the nanoparticles [10]. These factors can 
compromise the intended therapeutic outcomes, 
as they may affect the concentration and 
bioavailability of the drug at the target site. 
Furthermore, the release profiles of 
nanoparticles can be inconsistent, contributing 
to unpredictable pharmacokinetics and 
pharmacodynamics [77]. 
 

Biocompatibility and Toxicity 
One major issue with using nanoparticles for 
medicine delivery is still biocompatibility. The 
ability of a biomaterial to carry out its intended 
function in a medical application while evoking 
the most suitable positive reaction in the 
receiver, without generating undesirable local or 
systemic changes, is known as biocompatibility 
[2]. 
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Figure 3: Advantages of nano-based drug delivery systems 

 

 

Figure 4: Challenges and limitations of nano-based drug delivery systems 

The toxicity of nanoparticles can adversely affect 
the normal structure and physiological state of 
tissues and organs [3]. Studies have demonstrated 
size-dependent toxicity of metal oxide particles, 
suggesting that smaller nanoparticles may pose 

greater risks to cellular health compared to their 
larger counterparts [1, 11]. For instance, intranasal 
delivery of copper oxide nanoparticles has been 
shown to induce pulmonary toxicity and fibrosis 
in experimental models [1, 78]. 
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Delivery Efficiency 
The distribution of medications intended for the 
central nervous system is significantly hampered 
by the selective permeability of biological 
barriers, such as the blood-brain barrier (B-BB) 
and the blood-cerebrospinal fluid barrier (B-
CSFB). These barriers can prevent nanoparticles 
from reaching their intended sites of action, 
thereby limiting their therapeutic efficacy [77]. 
Furthermore, problems including poor oral 
solubility and stability can make clinical use of 
nano-drug delivery systems even more 
challenging, possibly resulting in brief periods of 
efficacy and frequent dosing [79, 80]. 
 
Patient-Specific and Systemic Challenges 
Systemic healthcare concerns, clinical skills, and 
patient-specific problems can all complicate the 
diagnostic journey for patients in need of 
nanotechnology-based therapy [11]. Variations in 
patient outcomes and treatment delays can be 
caused by any of these reasons. For nano-based 
drug delivery systems to be successfully 
incorporated into standard clinical practice, 
several obstacles must be removed. 
 
CONCLUSION  
Therapeutic development has advanced 
significantly with the advent of nano-based drug 
delivery technologies, which provide accurate, 
effective, and adaptable methods of drug 
administration. Utilizing the distinct 
physicochemical characteristics of 
nanomaterials, these systems have shown 
improved drug solubility, controlled release, 
targeted administration, and fewer adverse 
effects. The diverse design approaches, 
underlying mechanisms, and wide variety of 
biomedical applications that characterize this 
quickly developing discipline have all been 
examined in this study. Even with impressive 
advancements, issues including clinical 
translation, long-term safety, large-scale 
manufacture, and regulatory compliance still 
exist. Unlocking the full potential of 
nanomedicine will require addressing these 
obstacles through interdisciplinary cooperation 
and ongoing innovation. Nano-based drug 
delivery systems are expected to be crucial to the 
development of customized and precision 
medicine in the future as research continues to 
close the gap between laboratory discoveries and 
clinical solutions. 
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