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ABSTRACT 
Nanotechnology-driven drug delivery systems represent a paradigm shift in modern therapeutics by addressing 
critical limitations associated with conventional drug administration, such as poor solubility, rapid systemic 
clearance, off-target effects, and dose-related toxicity. Nanoscale carriers (1–100 nm) offer unique physicochemical 
properties that enable enhanced drug stability, controlled release kinetics, and improved pharmacokinetic and 
pharmacodynamic profiles. This paper provides a comprehensive and critical overview of recent innovations in 
nanocarrier platforms, including liposomes, polymeric nanoparticles, dendrimers, solid lipid nanoparticles, metallic 
nanoparticles, and nanostructured lipid carriers, with a focus on their design, functionalization, and therapeutic 
performance. Advanced surface engineering strategies, such as ligand-mediated targeting and stimuli-responsive 
systems (pH, temperature, enzymatic, and redox triggers), have significantly improved site-specific drug delivery 
and cellular internalization. Additionally, nanotechnology enables co-delivery of multiple therapeutic agents, 
facilitating synergistic treatment outcomes, particularly in complex diseases such as cancer, neurodegenerative 
disorders, and infectious diseases. The integration of diagnostic and therapeutic functionalities (theranostics) further 
underscores the role of nanotechnology in advancing precision and personalized medicine. Despite substantial 
progress at the preclinical level, the clinical translation of nanomedicine remains constrained by challenges 
including scalability, batch-to-batch reproducibility, long-term biocompatibility, immunogenic responses, and 
stringent regulatory requirements. Nevertheless, clinically approved nanoformulations, such as liposomal 
doxorubicin and albumin-bound paclitaxel, validate the translational potential of these systems. This review 
critically examines current advancements, clinical perspectives, and translational challenges associated with 
nanotechnology-driven drug delivery systems. It also highlights emerging directions, including artificial 
intelligence-assisted nanocarrier design, biomimetic and cell-derived nanoparticles, and sustainable green synthesis 
approaches. Collectively, these innovations are poised to redefine therapeutic strategies by enhancing efficacy, 
safety, and patient compliance, thereby accelerating the transition toward next-generation precision medicine. 
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1. Introduction 

The rapid evolution of nanotechnology has catalyzed 
a paradigm shift in drug delivery science, offering 
unprecedented opportunities to enhance therapeutic 
precision, efficacy, and safety (1). Conventional drug 
delivery approaches are frequently constrained by 
poor aqueous solubility, limited bioavailability, rapid 

systemic clearance, non-specific tissue distribution, 
and dose-limiting toxicity (2). These limitations are 
particularly pronounced in the treatment of complex 
and chronic diseases such as cancer, 
neurodegenerative disorders, and infectious diseases, 
where achieving optimal therapeutic concentrations 
at the target site while minimizing systemic exposure 
remains a significant challenge (3). In this context, 
nanotechnology-driven drug delivery systems have 
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emerged as a sophisticated and highly versatile 
platform to address these critical shortcomings. 

Nanocarriers, typically engineered within the size 
range of 1–100 nm, exhibit unique physicochemical 
attributes, including high surface area-to-volume 
ratio, tunable surface functionality, and the capacity 
for encapsulation or conjugation of diverse 
therapeutic payloads (4). These properties facilitate 
enhanced drug solubility, protection from premature 
degradation, controlled and sustained release profiles, 
and improved pharmacokinetic and 
pharmacodynamic behavior. A wide spectrum of 
nanocarrier systems—such as liposomes, polymeric 
nanoparticles, dendrimers, solid lipid nanoparticles 
(SLNs), nanostructured lipid carriers (NLCs), and 
inorganic nanoparticles—has been systematically 
developed and optimized for targeted therapeutic 
applications (5). 

A defining feature of nanotechnology-based drug 
delivery is its ability to achieve site-specific targeting 
through both passive and active mechanisms. Passive 
targeting leverages the enhanced permeability and 
retention (EPR) effect, enabling preferential 
accumulation of nanoparticles within tumor 
microenvironments characterized by leaky 
vasculature and impaired lymphatic drainage (6). In 
contrast, active targeting involves the 
functionalization of nanocarrier surfaces with ligands 
such as antibodies, peptides, aptamers, or small 
molecules that selectively bind to overexpressed 
receptors on diseased cells, thereby enhancing 
cellular uptake and therapeutic specificity (7). 
Furthermore, the advent of stimuli-responsive 
(“smart”) nanocarriers—engineered to respond to 
internal cues (pH, enzymatic activity, redox 
gradients) or external triggers (temperature, light, 
magnetic fields, ultrasound)—has significantly 
advanced spatiotemporal control over drug release. 

Beyond monotherapeutic applications, 
nanotechnology enables the co-delivery of multiple 
therapeutic agents, supporting synergistic and 
combinatorial treatment strategies (8). This capability 
is particularly relevant in oncology, where multidrug 
resistance and tumor heterogeneity often limit 
treatment efficacy. Additionally, the integration of 
diagnostic and therapeutic functionalities within a 
single nanosystem—referred to as theranostics—has 
introduced a new dimension to precision medicine by 
enabling real-time monitoring of drug distribution, 
target engagement, and therapeutic response. 

Despite substantial advancements and encouraging 
preclinical outcomes, the clinical translation of 
nanotechnology-driven drug delivery systems 
remains a complex and multifactorial challenge. Key 
barriers include large-scale manufacturing 
constraints, batch-to-batch variability, 
physicochemical instability, potential cytotoxicity 
and immunogenicity, and incomplete understanding 
of long-term biodistribution and clearance 
mechanisms (9). Moreover, the regulatory framework 
governing nanomedicines is still evolving, 
necessitating rigorous standardization, 
characterization, and safety evaluation protocols. 

Recent convergence with artificial intelligence (AI) 
and machine learning (ML) has opened new avenues 
for the rational design, optimization, and predictive 
modeling of nanocarriers, accelerating the 
development pipeline and improving translational 
success rates (10). Concurrently, emerging strategies 
such as biomimetic and cell membrane-coated 
nanoparticles, exosome-based delivery systems, and 
green synthesis approaches are gaining prominence 
for their potential to enhance biocompatibility, 
targeting efficiency, and environmental 
sustainability. 

In light of these advances, this paper aims to present 
a comprehensive and critically informed analysis of 
nanotechnology-driven drug delivery systems, with 
an emphasis on design strategies, recent innovations, 
clinical perspectives, and translational challenges. By 
bridging fundamental science with clinical 
applicability, this work seeks to contribute to the 
advancement of nanomedicine as a cornerstone of 
next-generation therapeutic paradigms. 

2. Fundamentals of Nanotechnology in Drug 
Delivery 

2.1 Nanoscale Properties and Governing 
Principles 

Nanotechnology-driven drug delivery systems derive 
their therapeutic advantage from size-dependent 
physicochemical phenomena that emerge at the 1–
100 nm scale. The markedly elevated surface area-to-
volume ratio enables high drug payloads, efficient 
surface functionalization, and enhanced interfacial 
interactions with biological environments (11). These 
attributes facilitate improved solubility of poorly 
water-soluble drugs, protection from enzymatic 
degradation, and increased residence time in systemic 
circulation. 
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Critically, nanoparticle behavior in vivo is governed 
by a complex interplay of size, morphology, surface 
charge (zeta potential), and surface chemistry. 
Particles typically within the 10–200 nm range can 
evade rapid renal clearance while avoiding uptake by 
the mononuclear phagocyte system (MPS), thereby 
optimizing circulation half-life (12). Surface charge 
influences protein corona formation and cellular 
internalization pathways; for instance, mildly 
negative or neutral surfaces often exhibit reduced 
opsonization and improved biocompatibility. 

Surface engineering strategies, such as PEGylation 
and ligand conjugation, are central to modulating 
nanoparticle–biological interactions, enabling stealth 
behavior and active targeting. Furthermore, nanoscale 
systems can navigate biological barriers—including 
the blood–brain barrier (BBB) and tumor 
microenvironment—through mechanisms such as 
transcytosis and enhanced permeability. Collectively, 
these principles underpin the rational design of 
nanocarriers with predictable pharmacokinetic and 
pharmacodynamic profiles. 

2.2 Classification and Design Architecture of 
Nanocarriers 

Nanocarriers can be systematically classified based 
on composition, structural organization, and 
functional attributes. Organic nanocarriers—
including liposomes, polymeric nanoparticles, 
polymeric micelles, dendrimers, solid lipid 
nanoparticles (SLNs), and nanostructured lipid 
carriers (NLCs)—are widely favored due to their 
inherent biocompatibility, biodegradability, and 
adaptability for drug encapsulation. 

In contrast, inorganic nanocarriers such as gold 
nanoparticles, iron oxide nanoparticles, mesoporous 
silica nanoparticles, and quantum dots offer unique 
optical, magnetic, and catalytic properties, rendering 
them particularly suitable for imaging, theranostics, 
and externally triggered therapies (e.g., photothermal 
and photodynamic modalities) (13). However, their 
clinical translation requires careful consideration of 
long-term toxicity and clearance. 

Hybrid nanocarriers integrate organic and inorganic 
components to achieve synergistic performance, 
combining structural stability with biological 
functionality. More recently, biomimetic systems—
such as cell membrane-coated nanoparticles and 
extracellular vesicle (exosome)-based carriers—have 
gained prominence for their intrinsic immune 

evasion, prolonged circulation, and enhanced 
targeting efficiency. 

From a design perspective, nanocarriers may be 
categorized into reservoir systems (e.g., liposomes), 
matrix systems (e.g., polymeric nanoparticles), and 
core–shell architectures, each offering distinct drug 
encapsulation and release characteristics. The 
selection of an appropriate nanocarrier is dictated by 
the physicochemical nature of the drug, therapeutic 
objective, and route of administration. 

2.3 Drug Loading Strategies and Controlled 
Release Mechanisms 

The therapeutic efficacy of nanocarrier systems is 
intrinsically linked to their drug loading capacity and 
release kinetics. Drug incorporation can be achieved 
through physical encapsulation, adsorption, covalent 
conjugation, or entrapment within polymeric or lipid 
matrices (14). Hydrophobic drugs are typically 
localized within the core of lipid or polymeric 
systems, whereas hydrophilic agents may be 
encapsulated in aqueous compartments or conjugated 
to the carrier surface. 

Controlled drug release from nanocarriers can be 
broadly categorized into passive and stimuli-
responsive mechanisms. Passive release is governed 
by diffusion, matrix degradation, or erosion, enabling 
sustained and prolonged drug delivery. These 
systems are particularly advantageous for 
maintaining therapeutic drug concentrations over 
extended periods. 

In contrast, stimuli-responsive (“smart”) nanocarriers 
enable spatiotemporal control over drug release by 
responding to specific endogenous triggers—such as 
acidic pH (tumor microenvironment), enzymatic 
activity, or redox gradients—or exogenous stimuli 
including temperature, light irradiation, magnetic 
fields, and ultrasound. Such systems enhance 
therapeutic selectivity while minimizing off-target 
toxicity. 

Advanced nanocarriers also facilitate co-delivery of 
multiple therapeutic agents with programmable 
release profiles, enabling synergistic interventions 
and overcoming challenges such as multidrug 
resistance. Fine-tuning of release kinetics is achieved 
through precise modulation of carrier composition, 
crosslinking density, surface functionalization, and 
environmental sensitivity. 

3. Types of Nanocarrier Systems 
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3.1 Liposomes and Lipid-Based Nanoparticles 

Lipid-based nanocarriers represent one of the most 
clinically validated and translationally successful 
platforms in nanomedicine, primarily due to their 
inherent biocompatibility, biodegradability, and 
structural similarity to biological membranes (15). 
Liposomes are self-assembled vesicular systems 
composed of phospholipid bilayers encapsulating an 
aqueous core, enabling the simultaneous 
incorporation of hydrophilic drugs within the core 
and hydrophobic drugs within the lipid bilayer (16). 
This dual-loading capability, combined with 
protection from enzymatic degradation, significantly 
enhances drug stability and pharmacokinetic 
performance. 

Next-generation lipid nanocarriers, including solid 
lipid nanoparticles (SLNs) and nanostructured lipid 
carriers (NLCs), have been developed to address 
limitations associated with conventional liposomes, 
such as drug leakage and physical instability. SLNs 
are composed of solid lipid matrices, offering 
controlled drug release and improved stability, 
whereas NLCs incorporate both solid and liquid 
lipids, generating a less ordered crystalline structure 
that enhances drug loading capacity and reduces drug 
expulsion (17). Advanced surface engineering 
approaches, including PEGylation and ligand-
mediated functionalization, further optimize 
circulation time, reduce opsonization, and facilitate 
active targeting. The clinical success of lipid-based 
formulations underscores their pivotal role in 
contemporary drug delivery. 

3.2 Polymeric Nanoparticles and Dendrimers 

Polymeric nanocarriers provide a highly versatile 
platform for controlled and sustained drug delivery, 
owing to their tunable physicochemical properties 
and structural adaptability. These systems are 
typically fabricated from biodegradable and 
biocompatible polymers such as poly(lactic-co-
glycolic acid) (PLGA), polylactic acid (PLA), 
chitosan, and polyethylene glycol (PEG) (18). 
Depending on their architecture, polymeric 
nanoparticles can be classified as nanospheres, where 
the drug is homogeneously dispersed within the 
polymer matrix, or nanocapsules, where the drug is 
confined within a core surrounded by a polymeric 
shell. 

Polymeric micelles, characterized by amphiphilic 
block copolymers forming a core–shell structure, are 
particularly effective for solubilizing hydrophobic 

drugs and improving systemic stability. Dendrimers, 
in contrast, are highly branched, monodisperse 
macromolecules with a well-defined three-
dimensional architecture and multivalent surface 
functionality. Their internal cavities and numerous 
terminal groups enable precise drug encapsulation, 
conjugation, and targeted delivery, making them 
attractive candidates for multifunctional therapeutic 
systems. 

Despite their considerable advantages, challenges 
related to polymer degradation kinetics, potential 
cytotoxicity of degradation byproducts, and scale-up 
reproducibility must be carefully addressed to 
facilitate clinical translation. 

3.3 Metallic and Inorganic Nanoparticles 

Inorganic nanocarriers exhibit distinct 
physicochemical properties that extend beyond 
conventional drug delivery, particularly in the 
domains of imaging, diagnostics, and externally 
triggered therapeutic modalities (19). Metallic 
nanoparticles, such as gold and silver nanoparticles, 
exhibit unique optical characteristics, including 
surface plasmon resonance, which can be harnessed 
for photothermal therapy, biosensing, and controlled 
drug release. 

Iron oxide nanoparticles, owing to their 
superparamagnetic behavior, are extensively utilized 
in magnetic resonance imaging (MRI) and 
magnetically guided drug delivery systems. 
Mesoporous silica nanoparticles (MSNs) offer highly 
ordered pore structures, large surface area, and 
tunable pore size, enabling high drug loading 
efficiency and controlled release kinetics. Quantum 
dots, with their size-dependent fluorescence 
properties, are valuable tools for high-resolution 
bioimaging and diagnostic applications. 

However, the clinical applicability of inorganic 
nanocarriers is constrained by concerns related to 
long-term biocompatibility, limited biodegradability, 
and potential accumulation in vital organs. 
Consequently, surface modification and hybridization 
strategies are essential to mitigate toxicity and 
enhance biological compatibility. 

3.4 Hybrid and Multifunctional Nanocarriers 

Hybrid nanocarriers represent an advanced class of 
delivery systems designed to integrate the 
complementary advantages of organic and inorganic 
materials, thereby achieving enhanced functionality, 
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stability, and therapeutic efficacy (20). These systems 
often employ core–shell architectures, wherein an 
inorganic core (e.g., gold, silica, or magnetic 
nanoparticles) is coated with a biocompatible 
polymeric or lipid layer, enabling simultaneous drug 
delivery, imaging, and responsiveness to external 
stimuli. 

Biomimetic nanocarriers, including cell membrane-
coated nanoparticles and extracellular vesicle 
(exosome)-based systems, have emerged as highly 
promising platforms due to their intrinsic ability to 
evade immune surveillance, prolong systemic 
circulation, and achieve site-specific targeting. Such 
systems closely replicate natural biological 
interfaces, thereby enhancing their translational 
potential. 

Multifunctional nanocarriers are central to theranostic 
applications, integrating therapeutic, diagnostic, and 
monitoring capabilities within a single platform. 
These systems enable real-time tracking of drug 
distribution and therapeutic response, aligning with 
the principles of precision and personalized medicine. 
Nevertheless, the increased structural and functional 
complexity of hybrid systems introduces challenges 
related to large-scale manufacturing, batch-to-batch 
consistency, and regulatory approval, necessitating 
rigorous standardization and comprehensive safety 
evaluation. 

4. Targeting Strategies and Smart Nanocarriers 

4.1 Passive Targeting: Enhanced Permeability and 
Retention (EPR) Effect 

Passive targeting constitutes a foundational principle 
in nanomedicine, leveraging the aberrant 
pathophysiology of diseased tissues—particularly 
solid tumors—to facilitate preferential nanoparticle 
accumulation. The enhanced permeability and 
retention (EPR) effect arises from structurally 
compromised tumor vasculature, characterized by 
enlarged endothelial fenestrations (100–800 nm), 
coupled with deficient lymphatic drainage (21). 
These features permit the extravasation and 
prolonged retention of nanoscale carriers within the 
tumor interstitium. 

Nanocarriers engineered within an optimal size range 
(typically 10–200 nm) can effectively exploit the 
EPR effect, achieving elevated local drug 
concentrations while minimizing systemic toxicity. 
However, it is increasingly recognized that the EPR 
effect exhibits significant inter- and intra-tumoral 

heterogeneity, influenced by factors such as vascular 
density, stromal composition, interstitial fluid 
pressure, and tumor type. Consequently, reliance on 
passive targeting alone often results in suboptimal 
and variable therapeutic outcomes, necessitating its 
integration with complementary targeting strategies. 

4.2 Active Targeting: Ligand–Receptor Mediated 
Interactions 

Active targeting enhances delivery specificity 
through the rational functionalization of nanocarrier 
surfaces with ligands that selectively recognize and 
bind to overexpressed receptors on diseased cells. 
These ligands—including monoclonal antibodies, 
peptides, aptamers, and small molecules (e.g., folate, 
transferrin)—facilitate receptor-mediated 
endocytosis, thereby promoting intracellular drug 
accumulation and improving therapeutic efficacy. 

The effectiveness of active targeting is governed by 
multiple parameters, including ligand density, 
binding affinity, receptor expression heterogeneity, 
and nanoparticle physicochemical stability (22). 
Importantly, active targeting does not replace passive 
accumulation but rather augments cellular 
internalization following nanoparticle localization at 
the target site. This dual-targeting paradigm enhances 
the therapeutic index while reducing off-target 
toxicity. 

Nevertheless, translational challenges persist, 
including potential immunogenicity of targeting 
ligands, steric hindrance due to surface 
modifications, and dynamic alterations in receptor 
expression across disease stages and patient 
populations. These factors necessitate precise 
optimization and patient-specific considerations in 
nanocarrier design. 

4.3 Stimuli-Responsive Drug Delivery Systems 

Stimuli-responsive nanocarriers, often referred to as 
“smart” systems, represent a significant advancement 
in achieving spatiotemporal precision in drug 
delivery. These systems are engineered to undergo 
physicochemical transformations in response to 
specific endogenous or exogenous stimuli, thereby 
triggering controlled drug release at the desired site. 

Endogenous stimuli include pH gradients (e.g., acidic 
tumor microenvironment or endosomal 
compartments), enzymatic activity (e.g., matrix 
metalloproteinases), and redox potential differences 
(e.g., elevated glutathione levels in cancer cells). 
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Exogenous triggers, such as temperature, light 
(particularly near-infrared irradiation), magnetic 
fields, and ultrasound, provide externally controllable 
mechanisms for localized drug activation. 

The integration of stimuli-responsiveness into 
nanocarrier design minimizes premature drug 
leakage, enhances site-specificity, and improves 
therapeutic outcomes. However, achieving precise 
responsiveness under physiological conditions while 
maintaining systemic stability remains a critical 
design challenge, requiring careful material selection 
and structural optimization. 

4.4 Controlled and Site-Specific Release 
Mechanisms 

Controlled drug release is central to the therapeutic 
performance of nanocarrier systems, enabling 
sustained maintenance of drug concentrations within 
the therapeutic window while reducing dosing 
frequency (23). Release kinetics are governed by 
mechanisms such as diffusion through the carrier 
matrix, degradation or erosion of the carrier material, 
and environmental swelling or desorption processes. 

Advanced nanocarriers are engineered to achieve 
site-specific release by integrating targeting strategies 
with stimuli-responsive elements, thereby ensuring 
that drug release is spatially confined to diseased 
tissues. Programmable and multi-stage release 
profiles can be designed to enable sequential delivery 
of therapeutic agents, which is particularly 
advantageous in combination therapies targeting 
complex and heterogeneous diseases. 

Mathematical modeling frameworks, including 
diffusion-based and empirical models, are frequently 
employed to characterize and predict release 
behavior, facilitating rational optimization of 
nanocarrier systems. Ultimately, the convergence of 
controlled release and targeting strategies represents 
a cornerstone in the development of next-generation 
precision therapeutics, offering enhanced efficacy, 
reduced systemic toxicity, and improved patient 
compliance. 

5. Therapeutic Applications and Clinical 
Advances 

5.1 Cancer Therapy 

Nanotechnology has significantly advanced 
oncological therapeutics by enabling precise 
spatiotemporal control over drug delivery, thereby 

enhancing efficacy while mitigating systemic 
toxicity. Nanocarriers exploit both passive targeting 
via the enhanced permeability and retention (EPR) 
effect and active targeting through ligand–receptor 
interactions to achieve preferential tumor 
accumulation and cellular internalization (24). This 
dual-targeting paradigm is particularly effective in 
overcoming key limitations of conventional 
chemotherapy, including poor selectivity, rapid 
systemic clearance, and multidrug resistance (MDR). 

Nanocarrier platforms facilitate the delivery of a 
broad spectrum of therapeutic modalities, including 
chemotherapeutics, nucleic acids (siRNA, miRNA), 
and immunomodulatory agents, often in 
combinatorial regimens to achieve synergistic effects. 
Furthermore, nanosystems can bypass efflux 
transporters and enhance intracellular drug retention, 
thereby addressing MDR at the cellular level (25). 
Emerging nanotechnology-enabled approaches, such 
as photothermal therapy (PTT) and photodynamic 
therapy (PDT), leverage the unique optical properties 
of nanoparticles for localized tumor ablation. 
Clinically approved nanoformulations, including 
liposomal doxorubicin and albumin-bound paclitaxel, 
provide compelling evidence of the translational 
impact of nanomedicine in oncology. 

5.2 Neurological Disorders 

The effective treatment of central nervous system 
(CNS) disorders is fundamentally constrained by the 
presence of the blood–brain barrier (BBB), which 
restricts the entry of most therapeutic agents. 
Nanotechnology-driven delivery systems offer 
innovative strategies to overcome this barrier through 
mechanisms such as receptor-mediated transcytosis, 
adsorptive-mediated transport, and surface 
functionalization with targeting ligands. 

Nanocarriers have demonstrated substantial potential 
in addressing neurodegenerative disorders, including 
Alzheimer’s disease and Parkinson’s disease, as well 
as malignant brain tumors such as glioblastoma (26). 
These systems enable targeted delivery of 
neuroprotective agents, peptides, and gene-based 
therapeutics, thereby enhancing therapeutic 
bioavailability within the CNS. Additionally, 
sustained and controlled release profiles afforded by 
nanocarriers are particularly advantageous in chronic 
neurological conditions, where long-term therapeutic 
maintenance is required. Despite promising 
preclinical outcomes, challenges related to 
nanoparticle transport efficiency, neurotoxicity, and 
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long-term safety remain critical considerations for 
clinical translation. 

5.3 Infectious Diseases 

Nanotechnology has emerged as a powerful platform 
for improving the treatment and management of 
infectious diseases by enhancing antimicrobial 
efficacy, overcoming drug resistance, and enabling 
targeted delivery to infection sites (27). Nanocarriers 
can significantly improve the solubility, stability, and 
intracellular delivery of antimicrobial agents, thereby 
increasing therapeutic effectiveness. 

In bacterial infections, nanoparticle-based systems 
have shown the ability to penetrate and disrupt 
biofilms, a major contributor to antibiotic resistance. 
Additionally, nanocarriers facilitate targeted delivery 
to infected cells, including macrophages harboring 
intracellular pathogens. In antiviral therapy, 
nanotechnology enables the efficient delivery of 
antiviral drugs, nucleic acids, and vaccine 
components (28). Notably, lipid nanoparticle (LNP)-
based mRNA vaccines represent a landmark 
achievement, demonstrating rapid development, high 
efficacy, and scalable manufacturing. 

Moreover, nanomaterials themselves may exhibit 
intrinsic antimicrobial properties, further augmenting 
therapeutic outcomes. However, careful evaluation of 
toxicity, immunogenicity, and long-term 
environmental impact is essential to ensure safe 
clinical application. 

5.4 Theranostics and Personalized Medicine 

The integration of diagnostic and therapeutic 
functionalities within a single nanosystem—termed 
theranostics—represents a pivotal advancement in 
precision medicine. Nanocarriers can be engineered 
to co-deliver therapeutic agents and imaging probes, 
enabling real-time visualization of drug distribution, 
target engagement, and therapeutic response. 

This capability facilitates patient-specific treatment 
optimization by allowing dynamic monitoring and 
adjustment of therapeutic regimens. Nanotheranostic 
systems are compatible with a range of imaging 
modalities, including magnetic resonance imaging 
(MRI), computed tomography (CT), positron 
emission tomography (PET), and fluorescence 
imaging, thereby providing comprehensive insights 
into disease progression. 

The convergence of nanotechnology with molecular 
diagnostics, artificial intelligence, and omics-based 
approaches further enhances the potential for 
personalized medicine. Such integration enables 
predictive modeling of treatment outcomes and 
supports the development of tailored therapeutic 
strategies based on individual patient profiles. 

5.5 Clinically Approved Nanoformulations 

The clinical translation of nanotechnology-driven 
drug delivery systems is exemplified by several 
approved nanoformulations that have demonstrated 
improved pharmacokinetic profiles, enhanced 
therapeutic efficacy, and reduced toxicity (29). 
Liposomal formulations, such as liposomal 
doxorubicin, have significantly minimized 
cardiotoxicity while maintaining anticancer activity. 
Similarly, albumin-bound paclitaxel has improved 
drug solubility and tumor uptake without the need for 
toxic solubilizing agents. 

In addition, lipid nanoparticle-based platforms have 
been successfully employed for the delivery of 
nucleic acid therapeutics, including mRNA vaccines 
and gene-silencing agents. Polymeric and inorganic 
nanoparticle systems have also found applications in 
targeted therapy and diagnostic imaging, such as iron 
oxide nanoparticles used as contrast agents in MRI. 

Despite these successes, the number of clinically 
approved nanomedicines remains limited relative to 
the extensive pipeline of preclinical candidates. Key 
translational barriers—including scalability, 
reproducibility, regulatory standardization, and long-
term safety evaluation—continue to impede broader 
clinical adoption. Addressing these challenges is 
essential for fully realizing the therapeutic potential 
of nanotechnology in modern medicine. 

 

 

6. Challenges, Safety Concerns, and Regulatory 
Aspects 

6.1 Toxicity and Biocompatibility Considerations 

Notwithstanding their therapeutic promise, 
nanocarrier systems introduce complex safety 
considerations arising from their unique 
physicochemical properties and nano–bio 
interactions. Nanoparticle-induced toxicity is 
multifactorial, governed by parameters such as size, 
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shape, surface charge, composition, and surface 
functionalization, which collectively influence 
cellular uptake, intracellular trafficking, and 
biological responses (30). A critical determinant of in 
vivo behavior is the formation of the protein corona, 
which dynamically alters nanoparticle identity, 
modulates immune recognition, and affects 
biodistribution. 

Potential adverse effects include oxidative stress, 
mitochondrial dysfunction, membrane disruption, 
genotoxicity, and activation of inflammatory 
pathways. Inorganic and non-biodegradable 
nanomaterials are of particular concern due to their 
propensity for long-term accumulation in 
reticuloendothelial organs, including the liver and 
spleen. Moreover, surface modifications designed to 
enhance targeting or circulation (e.g., PEGylation) 
may induce unintended immunogenicity, such as 
accelerated blood clearance upon repeated 
administration. 

Addressing these concerns necessitates rigorous, 
standardized toxicological evaluation frameworks 
encompassing acute, sub-chronic, and chronic 
exposure, as well as immunotoxicity and 
hemocompatibility assessments. The development of 
biodegradable, biomimetic, and “safe-by-design” 
nanomaterials represents a critical direction for 
improving clinical safety profiles. 

6.2 Pharmacokinetics and Biodistribution 
Complexities 

The pharmacokinetic and biodistribution profiles of 
nanocarriers are inherently more complex than those 
of small-molecule therapeutics, owing to their 
particulate nature and dynamic interactions within 
biological systems. Upon systemic administration, 
nanoparticles undergo rapid opsonization, leading to 
recognition and clearance by the mononuclear 
phagocyte system (MPS), primarily in the liver and 
spleen. This significantly limits systemic circulation 
time and reduces delivery efficiency to target tissues. 

The formation of the protein corona further 
complicates targeting fidelity by masking surface 
ligands and altering nanoparticle–cell interactions. 
Additionally, physiological heterogeneity—
particularly in tumor microenvironments—results in 
variable vascular permeability, interstitial pressure, 
and tissue penetration, thereby affecting therapeutic 
distribution and efficacy. 

Achieving predictable pharmacokinetics requires 
precise control over nanoparticle attributes, including 
size distribution, surface chemistry, and colloidal 
stability. Advanced strategies such as stealth 
coatings, zwitterionic surfaces, and biomimetic 
cloaking are being explored to modulate immune 
interactions. Concurrently, computational modeling 
and real-time imaging techniques are increasingly 
employed to elucidate nanoparticle fate, optimize 
design parameters, and enhance translational 
predictability. 

6.3 Scale-Up, Manufacturing, and Quality Control 
Challenges 

The translation of nanocarrier systems from bench-
scale synthesis to industrial manufacturing remains a 
significant bottleneck. Many nanoparticle fabrication 
techniques involve complex, multistep processes that 
are sensitive to minor variations in process 
parameters, leading to batch-to-batch inconsistencies 
in critical attributes such as particle size, 
polydispersity, drug loading efficiency, and release 
kinetics. 

Ensuring reproducibility, scalability, and long-term 
stability under Good Manufacturing Practice (GMP) 
conditions is essential for clinical and commercial 
viability. Additionally, the high cost of specialized 
materials, sophisticated instrumentation, and 
stringent quality control measures presents economic 
challenges. 

Emerging manufacturing paradigms, including 
microfluidic synthesis, continuous flow processing, 
and process analytical technologies (PAT), offer 
promising avenues for improving scalability, 
precision, and reproducibility. However, the 
integration of these technologies into standardized 
industrial workflows requires further validation and 
regulatory alignment. 

6.4 Regulatory Frameworks and Approval 
Pathways 

The regulatory evaluation of nanotechnology-based 
drug delivery systems is inherently complex, 
reflecting their multifunctional nature and deviation 
from conventional pharmaceutical paradigms. 
Existing regulatory frameworks, established by 
agencies such as the U.S. Food and Drug 
Administration (FDA) and the European Medicines 
Agency (EMA), are largely adapted from traditional 
drug evaluation models and may not fully capture 
nanospecific attributes. 



Page: 1 1 0 8  

Nanotechnology-Driven Drug Delivery Systems Innovations and Clinical Perspectives 

 IJDDT, Volume 16 Issue 5, 2026 
 

Key challenges include the lack of universally 
accepted standards for physicochemical 
characterization, insufficient harmonization of 
toxicity testing protocols, and ambiguity in defining 
critical quality attributes (CQAs) for nanomedicines. 
Furthermore, hybrid and multifunctional systems 
often blur the boundaries between drugs, biologics, 
and medical devices, complicating classification and 
regulatory pathways. 

A robust regulatory approach necessitates 
comprehensive characterization encompassing 
physicochemical properties, pharmacokinetics, 
biodistribution, immunogenicity, and long-term 
safety. The establishment of nano-specific guidelines, 
standardized testing methodologies, and global 
regulatory harmonization is essential to facilitate 
efficient and transparent approval processes. 

Ultimately, bridging the gap between innovation and 
clinical translation will require coordinated efforts 
among researchers, industry stakeholders, and 
regulatory authorities to ensure that nanotechnology-
driven drug delivery systems meet stringent safety, 
efficacy, and quality standards. 

7. Emerging Trends and Future Perspectives 

7.1 Artificial Intelligence and Machine Learning 
in Nanomedicine 

The integration of artificial intelligence (AI) and 
machine learning (ML) into nanomedicine is 
catalyzing a transition from empirical formulation 
toward rational, data-driven design of drug delivery 
systems. Given the multidimensional parameter space 
governing nanocarrier performance—encompassing 
size, morphology, surface chemistry, and biological 
interactions—AI-driven models provide a powerful 
framework for predicting structure–activity 
relationships and optimizing design variables. 

Advanced ML algorithms, including deep learning 
and Bayesian optimization, are increasingly 
employed to predict drug loading efficiency, release 
kinetics, cellular uptake, and in vivo biodistribution. 
These tools enable rapid screening of large 
formulation libraries, significantly reducing 
experimental burden and accelerating translational 
timelines. Furthermore, AI facilitates integration of 
physicochemical data with biological and clinical 
datasets, enabling predictive modeling of therapeutic 
outcomes and toxicity profiles. Despite these 
advances, challenges related to data standardization, 

model interpretability, and regulatory validation must 
be addressed to ensure robust clinical adoption. 

7.2 Biomimetic and Exosome-Based Delivery 
Systems 

Biomimetic nanocarriers represent a paradigm shift 
toward biologically inspired design, aiming to 
replicate the structural and functional attributes of 
endogenous systems to enhance delivery efficiency 
and biocompatibility. Among these, cell membrane-
coated nanoparticles and exosome-based delivery 
systems have emerged as highly promising platforms. 

Cell membrane-coated nanocarriers, derived from 
erythrocytes, platelets, immune cells, or cancer cells, 
inherit intrinsic biological functionalities such as 
immune evasion, prolonged circulation, and 
homologous targeting. This approach enables 
nanoparticles to bypass immune surveillance while 
enhancing site-specific accumulation. Exosomes, as 
naturally occurring extracellular vesicles, offer 
unique advantages including intrinsic stability, low 
immunogenicity, and the ability to cross biological 
barriers such as the blood–brain barrier. Their 
endogenous origin facilitates efficient delivery of 
diverse therapeutic cargos, including nucleic acids, 
proteins, and small molecules. 

However, the clinical translation of biomimetic 
systems is constrained by challenges related to large-
scale production, purification, heterogeneity, cargo 
loading efficiency, and standardization. Addressing 
these limitations is essential for their integration into 
mainstream therapeutic applications. 

7.3 Green Nanotechnology Approaches 

The incorporation of green chemistry principles into 
nanomedicine has gained increasing importance in 
response to environmental and safety concerns 
associated with conventional nanoparticle synthesis. 
Green nanotechnology emphasizes the use of eco-
friendly solvents, renewable resources, and biological 
reducing agents—such as plant extracts, 
microorganisms, and biomolecules—to synthesize 
nanomaterials with reduced environmental impact. 

These approaches not only minimize the generation 
of hazardous byproducts but also enhance the 
biocompatibility and safety profiles of nanocarriers 
by avoiding toxic reagents. Green synthesis has 
shown particular promise in the fabrication of 
metallic nanoparticles, where biologically mediated 
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reduction processes yield stable and functional 
nanostructures suitable for biomedical applications. 

Nevertheless, challenges remain in achieving precise 
control over nanoparticle size, morphology, and 
surface characteristics, as well as ensuring 
reproducibility and scalability. Future research must 
focus on standardizing green synthesis protocols and 
integrating them with industrial manufacturing 
processes. 

7.4 Future Outlook Toward Precision Medicine 

The future trajectory of nanotechnology-driven drug 
delivery is intrinsically aligned with the evolution of 
precision medicine, which seeks to tailor therapeutic 
interventions based on individual patient-specific 
parameters, including genetic, molecular, and 
environmental profiles. Nanocarriers provide a 
uniquely adaptable platform for achieving this 
objective through targeted delivery, controlled 
release, and multifunctional integration. 

The convergence of nanotechnology with omics 
sciences (genomics, proteomics, metabolomics), 
advanced imaging modalities, and AI-driven 
analytics is expected to enable the development of 
highly personalized and adaptive therapeutic systems. 
Multifunctional nanocarriers capable of simultaneous 
diagnosis, targeted therapy, and real-time monitoring 
will play a central role in next-generation healthcare. 

Moreover, the development of responsive and 
adaptive nanosystems—capable of dynamically 
modulating drug release in response to disease-
specific microenvironmental cues—represents a 
critical frontier in nanomedicine. However, the 
realization of precision nanomedicine at a clinical 
scale will require overcoming key challenges related 
to safety, regulatory approval, cost-effectiveness, and 
healthcare infrastructure. 

In summary, the integration of emerging technologies 
with nanotechnology-driven drug delivery systems is 
poised to redefine therapeutic paradigms, enabling 
safer, more effective, and individualized treatment 
strategies, and ultimately advancing the frontiers of 
modern medicine. 
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