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ABSTRACT 

Nanotechnology-based drug delivery systems have revolutionized modern therapeutics by enabling precise targeting, controlled 

release, and enhanced bioavailability of drugs. These nanoscale systems, typically ranging from 1 to 1000 nm, include a wide 

variety of carriers such as liposomes, polymeric nanoparticles, dendrimers, solid lipid nanoparticles, and nanostructured lipid 

carriers. The integration of nanotechnology into pharmaceutical sciences has significantly improved the pharmacokinetic and 

pharmacodynamic profiles of both conventional and novel therapeutic agents, particularly in the treatment of chronic and 

complex diseases such as cancer, neurological disorders, and infectious diseases. Preclinical studies play a crucial role in 

evaluating the efficacy, safety, biodistribution, and toxicity of nanocarriers using advanced in vitro cell culture systems and in 

vivo animal models. These investigations provide critical insights into mechanisms of cellular uptake, drug release kinetics, and 

target specificity. Despite promising preclinical outcomes, the clinical translation of nanomedicines remains challenging due to 

issues related to large-scale manufacturing, reproducibility, regulatory complexities, and long-term safety concerns. 

Nevertheless, several nanotechnology-based formulations have successfully reached clinical use, demonstrating improved 

therapeutic outcomes and reduced adverse effects. Advances in surface engineering, ligand-based targeting, and integration 

with artificial intelligence are further accelerating the development of next-generation nanomedicines. This review highlights 

the fundamental concepts, preclinical evaluation strategies, and translational challenges associated with nanotechnology-based 

drug delivery systems, providing a comprehensive overview of their potential to transform future therapeutic paradigms. 
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INTRODUCTION 

Nanotechnology has emerged as a 

transformative approach in pharmaceutical sciences, 

offering innovative solutions to overcome the limitations 

of conventional drug delivery systems. Traditional 

formulations often suffer from poor solubility, low 

bioavailability, rapid degradation, and non-specific 

distribution, which can lead to suboptimal therapeutic 

outcomes and increased side effects. 

Nanotechnology-based drug delivery systems, 

characterized by their nanoscale dimensions and unique 

physicochemical properties, have the potential to address 

these challenges by enabling targeted delivery, improved 

stability, and controlled drug release. These systems 

include a diverse range of nanocarriers such as  
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liposomes, polymeric nanoparticles, dendrimers, 

micelles, and lipid-based nanoparticles, each designed to 

optimize drug loading and delivery efficiency[1]. The 

ability of nanoparticles to interact with biological 

systems at the molecular level allows for enhanced 

cellular uptake and site-specific targeting, particularly 

through passive targeting mechanisms like the enhanced 

permeability and retention (EPR) effect and active 

targeting via ligand-receptor interactions. Preclinical 

studies are fundamental in assessing the therapeutic 

efficacy, pharmacokinetics, biodistribution, and safety of 

these nanocarriers using advanced in vitro models and 

animal studies. These investigations provide valuable 

insights into the mechanisms of drug release, cellular 

internalization, and potential toxicity profiles. However, 

despite the promising results obtained in preclinical 

stages, the translation of nanomedicines into clinical 

applications remains a significant challenge. Issues such 
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as scalability, reproducibility, regulatory hurdles, and 

long-term safety concerns hinder their widespread 

adoption[2]. Furthermore, the complexity of nanocarrier 

systems necessitates rigorous quality control and 

standardization protocols. Recent advancements in 

nanotechnology, including surface functionalization, 

stimuli-responsive systems, and integration with 

artificial intelligence, are paving the way for more 

efficient and personalized therapeutic strategies. As 

research continues to bridge the gap between laboratory 

findings and clinical applications, nanotechnology-based 

drug delivery systems hold immense potential to 

revolutionize the future of medicine and improve patient 

outcomes across a wide range of diseases. 

 

Nanotechnology in Drug Delivery 

Nanotechnology has significantly transformed 

drug delivery by enabling precise, efficient, and targeted 

therapeutic interventions at the nanoscale level. 

Conventional drug delivery systems often face 

limitations such as poor solubility, low bioavailability, 

and non-specific distribution, leading to reduced efficacy 

and increased side effects. Nanotechnology-based 

systems, including liposomes, polymeric nanoparticles, 

dendrimers, and solid lipid nanoparticles, are designed to 

overcome these challenges by improving drug stability, 

enhancing absorption, and enabling controlled release. 

These nanocarriers can be engineered to deliver drugs 

specifically to diseased tissues through passive targeting 

mechanisms like the enhanced permeability and 

retention effect, or active targeting using ligand-receptor 

interactions. Additionally, nanotechnology facilitates the 

delivery of sensitive biomolecules such as proteins, 

peptides, and nucleic acids[3]. Its application in areas 

like cancer therapy, gene delivery, and vaccine 

development has shown promising results. Overall, 

nanotechnology offers a powerful platform for 

advancing drug delivery and improving therapeutic 

outcomes. 

 

Fundamental Principles of Nanotechnology-Based 

Drug Delivery Systems 

The fundamental principles of nanotechnology-

based drug delivery systems are centered on the design, 

characterization, and functional optimization of 

nanoscale carriers to enhance therapeutic efficacy and 

safety. These systems operate within a size range 

typically between 1 and 1000 nm, allowing them to 

interact efficiently with biological membranes and 

cellular components. Key principles include controlled 

drug release, targeted delivery, improved solubility, and 

enhanced bioavailability. Nanocarriers are engineered 

using materials such as lipids, polymers, and inorganic 

substances to encapsulate or conjugate drugs, protecting 

them from degradation and premature clearance. Surface 

modification with ligands, antibodies, or polymers 

enables active targeting to specific cells or tissues, while 

passive targeting exploits physiological phenomena such 

as the enhanced permeability and retention effect. 

Additionally, physicochemical properties like particle 

size, surface charge, and hydrophobicity significantly 

influence biodistribution and cellular uptake. These 

principles collectively contribute to the development of 

efficient and site-specific drug delivery systems[4]. 

 

Design and Engineering of Nanocarriers for Targeted 

Drug Delivery 

The design and engineering of nanocarriers for 

targeted drug delivery involve the strategic integration of 

material science, pharmacology, and molecular biology 

to achieve precise delivery of therapeutic agents to 

specific tissues or cells. Nanocarriers such as liposomes, 

polymeric nanoparticles, dendrimers, micelles, and lipid-

based systems are carefully engineered to optimize drug 

loading, stability, and release profiles. Critical design 

parameters include particle size, shape, surface charge, 

and hydrophobicity, all of which influence circulation 

time, cellular uptake, and biodistribution. Surface 

functionalization plays a pivotal role in targeted delivery, 

where ligands such as antibodies, peptides, aptamers, or 

small molecules are conjugated to the nanoparticle 

surface to recognize and bind specific receptors 

overexpressed on diseased cells. Passive targeting 

mechanisms, such as the enhanced permeability and 

retention effect in tumor tissues, are also exploited to 

improve drug accumulation at the target site[5]. 

Advanced engineering approaches include stimuli-

responsive nanocarriers that release drugs in response to 

environmental triggers such as pH, temperature, 

enzymes, or redox conditions, thereby enhancing 

therapeutic precision and minimizing off-target effects. 

Additionally, stealth technologies, such as polyethylene 

glycol (PEG) coating, are employed to evade immune 

recognition and prolong systemic circulation. The 

integration of computational modeling and artificial 

intelligence further aids in optimizing nanocarrier design 

by predicting interactions and performance. Overall, 

rational design and engineering strategies are essential 

for developing efficient, safe, and targeted 

nanotechnology-based drug delivery systems. 

 

Nanotechnology in Cancer Therapy and Targeted 

Oncology 

Nanotechnology has emerged as a powerful 

approach in cancer therapy and targeted oncology, 

offering significant advantages over conventional 

treatment modalities such as chemotherapy and 

radiotherapy. Traditional anticancer therapies often lack 

specificity, leading to systemic toxicity and damage to 

healthy tissues. Nanotechnology-based drug delivery 

systems, including liposomes, polymeric nanoparticles, 

dendrimers, and nanostructured lipid carriers, are 
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engineered to enhance the selective delivery of 

anticancer agents to tumor sites. These nanocarriers 

exploit passive targeting mechanisms such as the 

enhanced permeability and retention (EPR) effect, 

allowing them to accumulate preferentially in tumor 

tissues due to leaky vasculature and poor lymphatic 

drainage. Additionally, active targeting strategies 

involve the surface modification of nanoparticles with 

ligands such as antibodies, peptides, or folic acid that 

bind specifically to receptors overexpressed on cancer 

cells, thereby improving cellular uptake and therapeutic 

efficacy[6]. Nanotechnology also enables the co-delivery 

of multiple drugs, combination therapies, and the 

incorporation of imaging agents for theranostic 

applications. Stimuli-responsive nanocarriers can release 

drugs in response to tumor-specific conditions such as 

acidic pH, enzymes, or hypoxia, ensuring controlled and 

site-specific drug release. Furthermore, nanotechnology 

facilitates the delivery of genetic materials such as 

siRNA and DNA for gene therapy in oncology. 

 

Regulatory Guidelines and Approval Pathways for 

Nano medicines 

Regulatory guidelines and approval pathways 

for nanomedicines are complex and evolving, reflecting 

the unique physicochemical properties and biological 

interactions of nanoscale drug delivery systems. Unlike 

conventional pharmaceuticals, nanomedicines often 

exhibit size-dependent behavior, altered 

pharmacokinetics, and novel mechanisms of action, 

which require specialized evaluation frameworks. 

Regulatory authorities such as the U.S. Food and Drug 

Administration (FDA), European Medicines Agency 

(EMA), and other global agencies have issued guidance 

documents to address the characterization, safety, 

efficacy, and quality control of nanotechnology-based 

products. A critical aspect of regulatory assessment 

involves detailed physicochemical characterization, 

including particle size distribution, surface charge, 

morphology, and stability, along with rigorous 

evaluation of pharmacokinetics, biodistribution, and 

toxicity profiles. Preclinical studies must demonstrate 

biocompatibility and safety, while clinical trials are 

required to establish therapeutic efficacy and risk–

benefit balance[7]. 

 

Role of Artificial Intelligence in Nanotechnology-

Based Drug Design 

Artificial intelligence (AI) is playing an 

increasingly transformative role in nanotechnology-

based drug design by enabling faster, data-driven, and 

more precise development of nanocarrier systems. 

Traditional design approaches often rely on trial-and-

error experimentation, which is time-consuming and 

resource-intensive, whereas AI techniques such as 

machine learning, deep learning, and predictive 

modeling allow researchers to analyze complex datasets 

and identify optimal design parameters efficiently. AI 

algorithms can predict critical physicochemical 

properties of nanoparticles, including size, surface 

charge, stability, and drug loading capacity, as well as 

their interactions with biological systems. In 

nanomedicine, AI is particularly valuable for optimizing 

targeted drug delivery by identifying suitable ligands and 

predicting receptor–ligand binding affinities, thereby 

enhancing specificity and therapeutic efficacy. 

Additionally, AI-driven models can simulate 

pharmacokinetics, biodistribution, and toxicity profiles, 

supporting better decision-making during preclinical 

development. High-throughput screening integrated with 

AI further accelerates the discovery of novel 

nanomaterials and formulations[8]. 

 

Conclusion 

Nanotechnology-based drug delivery systems 

have emerged as a transformative paradigm in modern 

pharmaceutical research, bridging the gap between 

innovative preclinical discoveries and effective clinical 

applications. These advanced systems offer significant 

advantages over conventional drug delivery approaches, 

including enhanced solubility, improved bioavailability, 

targeted delivery, and controlled release of therapeutic 

agents. Preclinical studies have played a crucial role in 

elucidating the behavior of nanocarriers in biological 

systems, providing valuable insights into their 

pharmacokinetics, biodistribution, cellular uptake, and 

safety profiles. The integration of diverse nanocarrier 

platforms such as liposomes, polymeric nanoparticles, 

dendrimers, and lipid-based systems has expanded the 

therapeutic potential across various disease areas, 

particularly in oncology, neurological disorders, and 

infectious diseases. Despite promising outcomes at the 

preclinical level, the successful translation of 

nanomedicines into clinical practice remains a complex 

and multifaceted challenge. Issues related to large-scale 

manufacturing, reproducibility, long-term toxicity, 

regulatory approval, and cost-effectiveness continue to 

limit their widespread adoption. Furthermore, the lack of 

standardized evaluation protocols and regulatory 

harmonization adds to the complexity of clinical 

translation. However, ongoing advancements in 

nanotechnology, including surface functionalization, 

stimuli-responsive systems, and multifunctional 

nanocarriers, are addressing many of these limitations. 

The incorporation of artificial intelligence and machine 

learning is further accelerating the design, optimization, 

and prediction of nanomedicine performance, thereby 

enhancing translational success. Additionally, increasing 

collaboration between academia, industry, and 

regulatory bodies is fostering the development of robust 

frameworks for safe and effective nanomedicine 

development. 
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