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Abstract

The targeted drug delivery system marks one of the biggest developments in pharmaceutical sciences since it 
allows for organ-specific drug localization, controlled release, and, consequently, improved therapeutic efficacy 
with concomitant decrease in systemic toxicity. A focused approach through passive mechanisms of drug delivery 
under the control of the enhanced permeability and retention effect or active drug delivery under the control of 
ligand-receptor interactions is systematically discussed in this review. Different delivery platforms from liposomes, 
niosomes, polymeric nanoparticles, and hydrogels to biodegradable microspheres and microfluidic-based systems 
are discussed concerning their design principles, fabrication methods, surface modification strategies, and kinetics 
of drug release. With applications in cancer, infectious diseases, and neurological disorders, where the breakdown 
of biological barriers and minimizing the adverse effects are essential, the clinical relevance of these delivery 
systems is also discussed. Thereafter, this article reviews some of the major challenges to clinical translation of 
these promising systems, such as toxicity, immunogenicity, biological barriers, scale of manufacture, regulatory 
pathway, and interpatient variability. Trends of great interest that are being highlighted include responsive smart 
carriers, theranostic platforms, personalized medicine, and artificial-intelligence-assisted formulation design. 
Thus, it presents an integrated perspective on the nuances behind targeted drug delivery, the recent advancements, 
limitations, and future trajectories of therapeutic systems, in an effort to bring to the fore safer and clinically 
translatable therapeutic systems.
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INTRODUCTION

Targeted drug delivery systems have 
been recognized as a breakthrough 
in pharmaceutical sciences, which 

have altogether transformed the manner in 
which drugs are administered to a patient. 
Traditional drug delivery systems result in 
the distribution of the drug throughout the 
body; drug targeting aims to concentrate the 
drugs at predetermined loci, thereby ensuring 
higher drug efficacy while minimizing 
harmful side effects. This precision in drug 
targeting enables the delivery of drugs in a 
controlled and sustained manner, improving 
patient compliance, reducing the frequency of 
dosing, and ultimately enhancing the overall 
therapeutic outcome.[1] The relevance of drug 
targeting can well be gauged by its use in 
dealing with chronic diseases such as cancer, 
infections, and neurological diseases, where 

localization as well as reduced systemic toxicity are highly 
important.[2]

The technology for targeted drug delivery is no longer 
novel, and advances in materials science, nanotechnology, 
and disease pathophysiology have significantly aided 
its development.[1] In earlier days, the focus of drug-
delivery technology has essentially been on improving the 
bioavailability and pharmacokinetics of the therapeutic 
agent. However, conventional technology has failed to make 
a significant impact on concerns for site-specificity and 
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reducing adverse effects. The seeds for the development of 
targeted delivery technology were sown at the end of the last 
century with the development of carriers such as liposomes 
and polymeric nanoparticles, which enabled the encapsulation 
of therapeutic agents and their delivery to specific areas of 
the body or to specific cells. The earlier-mentioned carrier 
technology has demonstrated the feasibility of delivering 
therapeutic agents in a more targeted manner by overcoming 
biological barriers, such as enzyme-mediated degradation or 
the first-pass metabolism.[3,4]

The primary targets for targeted drug delivery systems 
were initially focused on enhancing the solubility and shelf 
life of drugs, aided by controlled release mechanisms and 
increased localization in specific sites, mainly targeting 
tumors for anticancer drugs.[5] However, targeting specific 
sites for specific diseases has become more focused. It now 
encompasses site-specific targeting for numerous other 
diseases, using both passive targeting principles, such as the 
enhanced permeability and retention (EPR) effect, and ligand-
receptor-mediated active targeting. The shift in technology 
from passive targeting to active targeting has been a defining 
destination for this technology, which improves cellular 
uptake and specificity.[1,5]

As a result of recent advances in target drug delivery systems, 
sophisticated carriers exist that show potential for responsive 
and on-demand drug delivery through external stimuli, such 
as pH, temperature, or enzyme activity. Smart drug delivery 
systems have therefore rendered the drug delivery highly 
specific, safe, and effective.[6] They have also catalyzed the 
use of target ligands, such as antibodies, peptides, or low-
molecular-weight molecules, that specifically target the cell 
surface markers of the desired target cells, further advancing 
active target drug delivery systems. These rely on the 
differences between normal and pathological cells in order to 
enhance their selective uptake of drugs.[6,7]

Targeted drug delivery systems offer therapeutic advantages, 
as they are highly effective with minimal side effects 
and lower dosages compared to standard dosage forms. 
However, their applications in everyday medical practice 
face many challenges and complications.[8] Indeed, designing 
an ideal drug-carrier system, such as nanoparticles, 
liposomes, dendrimers, or smart polymers, involves many 
considerations, such as biocompatibility and good stability, 
and the precision with which the drug is delivered to its 
target sites, notwithstanding the fact that such challenges 
remain unresolved concerning toxicity, immunogenicity, 
and complexity of manufacture, in addition to the associated 
high cost. Moreover, another major limitation arises from the 
biological barriers posed by certain protective mechanisms, 
which can localize drug delivery, such as the blood–brain 
barrier (BBB) or the tumor microenvironment.[9] The goal 
of the research effort, therefore, over the recent years has 
gone toward an interdisciplinary or system design approach 
to these challenges; introduction of new targeted molecules, 

dual or double-targeting modalities, and advanced fabrication 
designs further ensure the next-generation drug delivery 
devices are safe, cheap, and very effective.[5] In short, the 
ultimate goal extends beyond precision targeting within 
diseased tissue to a more deliberate emphasis on enhancing 
patient outcomes while expanding the therapeutic spectrum 
through innovative advancements in drug target technology 
applications.[10,11]

The objective of this review is to provide a comprehensive 
overview of the mechanisms involved in targeted drug 
delivery, the nature of current delivery systems, and the future 
technologies that are shaping this field. The review also 
aims to compile the latest innovations in carrier preparation, 
delivery kinetics, and applications across various therapeutic 
areas, including cancer, infectious diseases, and neurological 
disorders. Furthermore, this review aims to address the 
challenges and limitations associated with targeted delivery 
systems, including issues of immunogenicity, toxicity, 
scalability, and regulatory concerns.

The purpose of this review is to consolidate the existing 
literature and identify trends and gaps, with the intention 
of guiding researchers, clinicians, and pharmaceutical 
companies on how to effectively design next-generation 
targeted drug-delivery systems. The end goal is the 
advancement of personalized medicine.

Mechanisms of targeted drug delivery

Targeting drug delivery systems can be classified into two main 
categories: passive and active targeting strategies.[2] Passive 
targeting leverages the natural physiological properties of 
tissues, particularly the permeability and retention (EPR) 
properties, which are prevalent in tumor tissues and also in 
inflamed tissues, due to leakage of blood vessels and sparse 
lymphatic drainage in these tissues, where large molecules 
as well as nanoparticles are selectively taken up, resulting 
in a concentrated drug delivery without employing any 
target-specific moiety.[2,5] On the other hand, active targeting 
requires the conjugation of drug delivery systems with target-
specific molecules, such as antibodies, peptides, aptamers, 
or small molecules, which selectively target receptors/
antigens overexpressed on target cells [Table1]. This enables 
the achievement of target-specific drug delivery through 
receptor-ligand interactions.[3,6]

There are several barriers to the path that binds drugs to their 
targets. These barriers include degradation in the bloodstream, 
high renal excretion, opsonization, and the action of natural 
barriers such as the BBB or the stroma in tumors.[4,10] 
Targeting moieties are crucial for the ability to cross cellular 
barriers. This occurs because they induce receptors to 
mediate endocytosis, resulting in a high intracellular delivery 
of drugs. This concept focuses on engineering target moieties 
to direct drugs across cellular barriers to their target sites.[2,4]
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Types of targeted delivery systems

Novel nanocarriers are a type of modern targeted delivery 
vehicle for drug delivery, ranging from liposomes, niosomes, 
polymeric nanoparticles, to dendrimers and solid lipid 
nanoparticles.[15] They are biocompatible and non-toxic and 
trap hydrophilic and hydrophobic drugs in spherical vesicles 
formed by phospholipid bilayers. Niosomes, which are 
more stable and cheaper than liposomes, are also similar to 
liposomes but are exclusively made of non-ionic surfactants. 
The polymeric nanoparticles in question are made from 
biodegradable polymers such as poly(lactide-co-glycolide 

acid) (PLGA) or chitosan. Control of drug release and 
surface modification for active targeting is possible.[15,16] 
The polymeric nanoparticles are composed of biodegradable 
polymers, such as PLGA or chitosan. Control of the drug 
release and surface modification for active targeting are 
possible.[17]

These are typically hydrogels and stimulus-responsive 
carriers that are of great interest because they respond to 
environmental parameters, such as pH and temperature, or 
even enzymatic activity, allowing for the precise release of 
drugs in pathological conditions and thus achieving optimal 

Table 2: Types of targeted drug delivery carriers
Carrier type Key features Advantages Applications References
Liposomes Phospholipid bilayers, 

biocompatible
Encapsulate hydrophilic/
hydrophobic drugs, reduce toxicity

Cancer, Infectious 
diseases

[21]

Niosomes Non‑ionic surfactant 
vesicles

Improved stability over liposomes Cancer therapy, 
gene delivery

[22]

Polymeric 
Nanoparticles

Biodegradable 
polymers (PLGA, chitosan)

Controlled release, surface 
modifiable

Tumor therapy, 
vaccines

[21,23]

Hydrogels 3D polymer networks, 
stimuli‑responsive

Responsive drug release, local 
delivery

Wound healing, 
pH‑sensitive drug 
release

[24]

Microfluidic‑based 
Systems

Precise control of size/
morphology

Reproducibility, scalable fabrication Customized nano 
systems

[25]

Biodegradable 
Microspheres

Sustain drug release via 
degradation

Reduced dosing frequency, 
minimal toxicity

Chronic diseases, 
vaccines

[26]

Table 3: Challenges in targeted drug delivery systems and current solutions
Challenge Description Potential solutions/strategies References
Safety and toxicity Toxicity, immunogenicity, and 

long‑term effects
Biocompatible materials, thorough 
pre‑clinical tests

[37,38]

Biological barriers Blood‑brain barrier, tumor 
microenvironment challenges

Surface modification, 
stimuli‑responsive carriers

[4,35]

Manufacturing 
scale‑up

Maintaining batch consistency and 
quality

Microfluidics, scalable synthesis 
techniques

[17,28]

Regulatory hurdles Complex approval processes and a 
lack of standards

Standardization and regulatory 
framework development

[6,39]

Patient variability Inter‑patient differences affecting 
drug response

Personalized medicine, 
biomarker‑guided therapy

[6,10]

Table 1: Targeting moieties in drug delivery – characteristics and functions
Targeting moiety Type Mechanism of targeting Common targets References
Antibodies Proteins High specificity binding to antigens Tumor cell surface receptors [12,13]

Peptides Short amino acid 
chains

Bind specific receptors or enzymes Integrins, growth factor 
receptors

[12,14]

Aptamers Single‑stranded 
DNA/RNA

Nucleic acid‑based binding to targets Surface markers, proteins [12]

Small Molecules Synthetic ligands Bind receptors or enzymes Folate receptor, transferrin 
receptor

[12]

Carbohydrates Polysaccharides Target lectin receptors on cells Hepatic targeting [13]
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therapeutic efficacy with minimal systemic exposure.[18] They 
open up a possibility of using microfluidic-based system 
platforms for developing drug carriers with controlled sizes 
and morphologies, thus improving the reproducibility and 
scalability in production processes. Biodegradable particles 
and microspheres sustain the concentration of the drug 
over time, minimizing the frequency of dosing and thereby 
maximizing patient compliance and decreasing the chronic 
toxicity of the treatment [Table 2].[19,20]

Design and fabrication of carriers

The material selected is crucial in the design of the carrier, 
as it affects biocompatibility, biodegradability, and stability, 
which are crucial for ensuring safety and efficiency.[27] 
Natural polymers, such as alginate, gelatin, and hyaluronic 
acid, are favored because they are low in immunogenicity. 
Synthetic polymers have highly tunable mechanical and 
chemical properties.[27,28] Various methods of fabrication, 
including emulsification, nanoprecipitation, spray drying, 
and solvent evaporation. Other factors that affect are particle 
size, drug loading efficiency, and release kinetics.[28]

Surface modification involves the conjugation of polyethene 
glycol to prolong circulation time and reduce immune 
clearance, in addition to the conjugation of targeting ligands 
for enhanced specificity. These modifications optimize 
pharmacokinetics and biodistribution, thereby customizing 
the therapeutic profile for the desired application.[29,30]

Controlled drug release and kinetics

Controlled drug release will be the most relevant element 
for the success of targeted delivery systems. This means 
prolonged exposure time of the drug at the target site, 
resulting in less frequent dosing. Triggered release systems 
depend on internal or external stimuli, such as pH differences 
in the tumor environment, micro-destructive or temperature 
changes, enzyme activity, or even external magnetic fields, 
for release specifically at the pathological site.[18,31]

The drug release profile should be decided carefully to have 
treated concentrations of drugs in the therapeutic window 
while avoiding subtherapeutic levels and toxicity. The 
mathematical modeling of release kinetics can be used to 
predict in vivo behavior and optimize formulation parameters 
accordingly.[32]

Applications in disease treatment

Targeted therapy has significantly impacted the treatment 
of numerous diseases. Cancer therapy is facilitated by 
avoiding multidrug resistance, which targeted systems will 
help achieve directly in tumor cells, minimizing systemic 
toxicity.[33] Tumor recognition has been improved with the 
addition of cancer-specific ligands through ligand-mediated 

endocytosis and stimulus-triggered carriers responding to the 
special characteristics of the tumor microenvironments.[33,34]

Targeted delivery of antimicrobials to infectious diseases 
increases their bioavailability and efficacy against drug-
resistant pathogens, while minimizing side effects. For 
neurological and cardiovascular disorders, the biggest 
challenge is to overcome biological barriers such as the BBB, 
which targeted carriers have made possible in facilitating drug 
transport across this barrier, thus opening new avenues for 
many such diseases, including Alzheimer’s and stroke.[35,36]

CHALLENGES AND LIMITATIONS

Despite remarkable advances in targeted drug delivery 
systems, major challenges still need to be overcome for 
the clinical translation and routine use of targeted drug 
delivery systems [Table 3].[37] Among the safety aspects, 
the toxicity and immunogenicity of nanocarriers, such as 
liposomes, dendrimers, and polymeric nanoparticles, require 
rigorous evaluation through pre-clinical testing aimed at 
biocompatibility with minimal adverse immune response.[37] 
Newly arising nanomaterials, such as metallic and carbon-
based nanoparticles, pose an additional layer of long-term 
toxicity ponderance due to the limited understanding of 
their biodistribution and clearance.[38] The most challenging 
biological barriers remain those that penetrate the BBB and 
infiltrate tumor microenvironments. Both pose significant 
challenges to effective delivery, resulting in diminished drug 
accumulation.[35] Many nanocarriers, besides, are swept away 
rapidly by the immune system, reducing their circulation 
time and therapeutic efficacy.[4]

Manufacturing difficulties still exist, particularly for scaling 
up from laboratory to industrial levels for nanoparticle 
synthesis, while maintaining the unchanged particle 
size, polydispersity, and surface chemistry.[28] These are 
crucially important with regard to safety, efficacy, and 
regulatory approval. Multi-faced designs of numerous 
targeted delivery systems enhance production costs 
and complicate quality assurance.[17] The other side is 
bureaucratic pathways hindered by the lack of standardized 
procedures and confusion regarding nanomedicine.[39] The 
interdependence of biological variation between patients 
and the predictability of treatment response have limited 
their wide application and required the establishment of 
personalized strategies.[6] A coordinated, multidisciplinary 
research and development effort is required to address these 
interrelationships.[10,37]

FUTURE PROSPECTS AND 
EMERGING TRENDS

The powerful improvements in smart drug delivery systems 
have synthesized endogenous stimuli, such as pH, redox 
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gradients, or enzyme activity, that provide spatiotemporal 
control of drug release and thus enhance its efficacy 
and safety.[31,35] With programmable artificial DNA 
nanostructures, quantum dots, and extracellular vesicles, 
one opens new avenues to ultra-specific targeting in 
conjunction with diagnostic-therapeutic (theragnostic) 
applications.[40] An innovative approach is personalized 
medicine, which integrates genomics, proteomics, and 
biomarker profiling with the intent of using drug carriers 
and payloads tailored to individual patient differences, 
resulting in maximized effects.[41] Significantly, artificial 
intelligence and machine learning tools will greatly enhance 
and accelerate the design and optimization processes 
involved in developing nanocarriers and predicting clinical 
outcomes, thereby reducing the development time. Future 
paradigms in therapeutics would probably comprise 
multifunctional platforms multiplexed for targeting, 
imaging, and crucial in bringing these next-generation 
systems into widespread clinical use and into the hands 
of patients, immune modulation.[40] Advances in scalable 
manufacturing will be crucial in bringing these next-
generation systems into widespread clinical use and into 
the hands of patients.[17] All these converging innovations 
indicate a future in which targeted drug delivery systems 
will become safer, smarter, and highly effective tools in 
individualized therapy.[31,41]

CONCLUSION

Targeted drug delivery systems have been the hallmark of 
modern research in pharmaceutical sciences. They have 
provided a rational mechanism to boost therapeutic efficacy 
and, at the same time, curtail overall systemic toxicity. 
Complex carrier platforms such as liposomes, polymeric 
nanoparticles, hydrogels, and stimulus-responsive systems 
combined with active and passive targeting mechanisms have 
accounted for efficient localization and controlled release of 
drugs. Cancer, infectious diseases, and neurological disorders 
are typical evidence of the efficacy of such systems when 
compared with standard therapies, which mainly suffer 
from specificity constraints and biological barriers. There 
are, nevertheless, several challenges to surmount, including 
toxicity and immunogenicity of the nanocarriers, their barrier 
penetrability, scaling up of the manufacture, uncertainty 
in regulation, and inter-patient variations in response to 
treatment. Bridging such barriers calls for interdisciplinary 
collaboration, standard evaluation frameworks, and 
fabrication technologies on a larger scale. Future evolution 
in targeted drug delivery systems would occur in concert 
with personalized medicine, biomarker-guided targeting, and 
artificial intelligence-assisted design to enhance translation 
into the clinic. The eventual successful development of such 
targeted drug delivery systems is, however, contingent upon 
striking a balance between the innovation of technologies 
and their safety, practicality, and empirical improvement in 
patient outcomes.
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