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Abstract 
Conventional drug delivery systems face significant limitations including poor 
bioavailability, nonspecific distribution, systemic toxicity, and rapid clearance from 
circulation, which collectively diminish therapeutic efficacy and compromise patient 
safety. Nanomedicine has emerged as a transformative strategy to address these 
challenges by enabling precise drug targeting, controlled release kinetics, and 
enhanced therapeutic indices through rationally designed nanocarriers. This article 
examines the fundamental principles of nanomedicine-based targeted drug delivery, 
emphasizing critical aspects of nanoparticle design, targeting mechanisms, and 
controlled release strategies. We discuss the physicochemical properties that govern 
nanocarrier behavior, including size, surface chemistry, and architecture, as well as 
passive and active targeting approaches that exploit unique pathophysiological 
features of diseased tissues. The complex biological barriers encountered during 
systemic administration, such as protein corona formation, immune recognition, 
vascular extravasation, and intracellular trafficking, are analyzed in the context of 
rational nanocarrier optimization. Furthermore, we evaluate preclinical models and 
translational pathways, review clinical applications across oncology, infectious 
diseases, and inflammatory disorders, and assess therapeutic outcomes compared to 
conventional treatments. Safety profiles, toxicological considerations, and regulatory 
frameworks governing nanomedicine development are critically examined. Finally, 
we provide future perspectives on overcoming remaining translational challenges, 
advancing personalized nanomedicine, and achieving widespread clinical 
implementation. This comprehensive review underscores the profound impact of 
nanomedicine on modern therapeutics and its potential to revolutionize patient care 
through precision drug delivery. 
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1. Introduction 

The development of effective therapeutic strategies has been hindered by fundamental limitations inherent to conventional drug 

delivery systems. Traditional pharmaceutical formulations typically result in nonspecific biodistribution, where therapeutic 

agents distribute throughout the body without preferential accumulation at diseased sites [1]. This lack of specificity necessitates  

administration of high systemic doses to achieve therapeutic concentrations at target tissues, consequently increasing the risk of 

adverse effects in healthy organs and limiting the overall therapeutic window [2]. Furthermore, many potent therapeutic
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compounds exhibit poor aqueous solubility, rapid metabolic 

degradation, or unfavorable pharmacokinetic profiles that 

preclude their clinical application despite promising in vitro 

efficacy [3]. 

The challenge of achieving adequate drug concentrations at 

pathological sites while minimizing systemic exposure has 

driven decades of pharmaceutical research toward innovative 

delivery strategies. The emergence of nanomedicine, defined 

as the application of nanotechnology principles to medicine, 

has provided unprecedented opportunities to overcome these 

longstanding obstacles [4]. Nanocarriers, with characteristic 

dimensions typically ranging from 1 to 1000 nanometers, 

possess unique physicochemical properties that distinguish 

them from both small molecules and bulk materials [5]. These 

nanoscale platforms can be engineered to protect therapeutic 

payloads from premature degradation, modulate 

pharmacokinetic profiles, facilitate cellular uptake, and 

enable controlled drug release in response to specific 

biological triggers [6]. 

The rationale for nanomedicine-based drug delivery extends 

beyond simple drug encapsulation. Diseased tissues, 

particularly solid tumors, exhibit distinct pathophysiological 

features that can be exploited for selective drug accumulation 
[7]. The enhanced permeability and retention effect, arising 

from abnormal vascular architecture and impaired lymphatic 

drainage in tumor microenvironments, enables preferential 

extravasation and retention of appropriately sized 

nanoparticles [8]. Additionally, nanocarrier surfaces can be 

functionalized with targeting ligands, antibodies, or peptides 

that recognize specific molecular markers overexpressed on 

diseased cells, thereby achieving active targeting and 

enhanced cellular internalization [9]. 

Over the past three decades, substantial progress has been 

made in developing diverse nanocarrier platforms including 

liposomes, polymeric nanoparticles, dendrimers, inorganic 

nanoparticles, and hybrid systems [10]. Several nanomedicine 

formulations have achieved regulatory approval and clinical 

success, demonstrating improved therapeutic indices 

compared to their conventional counterparts [11]. However, 

the translation of nanotechnology from laboratory discovery 

to clinical implementation remains challenging, with 

numerous promising preclinical candidates failing to 

demonstrate superiority in human trials [12]. 

This article provides a comprehensive examination of 

nanomedicine applications in targeted drug delivery, 

encompassing fundamental principles, design strategies, 

biological interactions, translational challenges, clinical 

outcomes, and regulatory considerations. We critically 

analyze the current state of the field, identify remaining 

obstacles to widespread clinical adoption, and propose future 

directions for advancing precision nanomedicine. 

 

2. Fundamentals of Nanomedicine and Drug Delivery 

Systems 

The foundation of nanomedicine rests upon understanding 

how materials at the nanoscale interact with biological 

systems in fundamentally different ways than their molecular 

or bulk counterparts. The nanoscale regime, typically defined 

as structures with at least one dimension between 1 and 1000 

nanometers, confers unique optical, magnetic, electronic, and 

biological properties that can be harnessed for therapeutic 

applications [13]. At these dimensions, materials exhibit high 

surface area to volume ratios, quantum effects, and the ability 

to navigate biological barriers that restrict larger particles 

while avoiding rapid renal clearance that eliminates smaller 

molecules [14]. 

The conceptual framework of targeted drug delivery evolved 

from Paul Ehrlich's vision of a magic bullet that would 

selectively destroy disease-causing agents while sparing 

healthy tissues [15]. Modern nanomedicine realizes this vision 

through multifunctional carriers that integrate therapeutic, 

diagnostic, and targeting capabilities within a single platform. 

The fundamental objective of nanocarrier-mediated drug 

delivery is to alter the biodistribution of therapeutic agents 

such that higher drug concentrations are achieved at target 

sites relative to non-target tissues, thereby improving the 

therapeutic index [16]. 

Nanocarriers function through several key mechanisms that 

collectively enhance drug delivery. First, they provide 

protection to encapsulated or conjugated drugs against 

premature degradation by enzymes, pH variations, or other 

harsh physiological conditions encountered during systemic 

circulation [17]. Second, they modify pharmacokinetic 

parameters including absorption, distribution, metabolism, 

and excretion, extending circulation half-life and reducing 

clearance rates [18]. Third, appropriately designed 

nanocarriers can overcome biological barriers such as 

vascular endothelium, cellular membranes, and blood-brain 

barrier through size-dependent extravasation, receptor-

mediated transcytosis, or enhanced penetration mechanisms 
[19]. Fourth, they enable controlled and sustained release of 

therapeutic payloads through diffusion, degradation, 

swelling, or stimuli-responsive mechanisms triggered by pH, 

temperature, enzymes, or external stimuli [20]. 

The passive targeting mechanism exploits 

pathophysiological characteristics of diseased tissues to 

achieve preferential nanoparticle accumulation. In solid 

tumors, rapid angiogenesis produces structurally abnormal 

blood vessels with fenestrations ranging from 100 to 780 

nanometers, significantly larger than the tight endothelial 

junctions of normal vasculature [21]. Simultaneously, 

impaired lymphatic drainage prevents efficient clearance of 

extravasated materials from the tumor interstitium. This 

combination, termed the enhanced permeability and retention 

effect, allows nanoparticles within an optimal size range to 

selectively accumulate in tumor tissue over time [22]. Similar 

principles apply to other pathological conditions 

characterized by vascular abnormalities, including 

inflammation, infection, and ischemia-reperfusion injury [23]. 

Active targeting represents a complementary strategy where 

nanocarrier surfaces are decorated with ligands that 

specifically recognize and bind to molecular targets 

overexpressed on diseased cells or within the disease 

microenvironment [24]. Common targeting moieties include 

antibodies, antibody fragments, peptides, aptamers, small 

molecules, and carbohydrates that engage cell surface 

receptors, adhesion molecules, or other biomarkers [25]. Upon 

binding, these functionalized nanocarriers undergo receptor-

mediated endocytosis, facilitating intracellular drug delivery 

and potentially triggering specific signaling pathways [26]. 

The effectiveness of active targeting depends on target 

specificity, ligand density, binding affinity, and the 

accessibility of target molecules on cell surfaces [27]. 

Controlled release mechanisms constitute another 

fundamental aspect of nanomedicine design. Rather than 

immediate drug release upon administration, controlled 

release systems modulate the temporal and spatial profile of 

drug availability at target sites [28]. Release kinetics can be 
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governed by passive mechanisms such as diffusion through 

polymer matrices, erosion or degradation of carrier materials, 

or swelling-induced drug expulsion [29]. Alternatively, 

stimuli-responsive or smart nanocarriers respond to specific 

triggers within the disease microenvironment, including 

acidic pH in endosomes or tumor extracellular space, 

elevated temperature, redox gradients, or overexpressed 

enzymes [30]. External stimuli such as light, ultrasound, or 

magnetic fields can also trigger on-demand drug release with 

precise spatiotemporal control [31]. 

The selection of appropriate nanocarrier platforms depends 

on multiple factors including the physicochemical properties 

of the therapeutic agent, the target disease and tissue, required 

dosing regimen, and safety considerations [32]. Hydrophobic 

drugs are typically encapsulated within lipid cores or 

hydrophobic polymer domains, while hydrophilic agents are 

loaded in aqueous compartments or conjugated to carrier 

surfaces [33]. Biologics such as proteins, peptides, and nucleic 

acids require carriers that protect against enzymatic 

degradation and facilitate intracellular delivery to reach their 

sites of action [34]. Furthermore, combination therapies 

incorporating multiple drugs with different physicochemical 

properties necessitate versatile carrier designs capable of co-

delivering diverse payloads with synchronized release 

profiles [35]. 

 

3. Nanocarrier Design and Targeting Strategies 

The rational design of nanocarriers for targeted drug delivery 

requires careful consideration of physicochemical parameters 

that govern their biological fate and therapeutic performance. 

Size represents perhaps the most critical design parameter, as 

it influences circulation time, biodistribution, extravasation, 

tumor penetration, cellular uptake, and clearance pathways 
[36]. Nanoparticles smaller than 5 nanometers undergo rapid 

renal filtration and urinary excretion, while those larger than 

200 nanometers face enhanced uptake by the mononuclear 

phagocyte system and limited extravasation through 

fenestrated vasculature [37]. The optimal size range for tumor-

targeted delivery typically falls between 10 and 200 

nanometers, balancing prolonged circulation with efficient 

extravasation and tumor penetration [38]. 

Surface properties profoundly impact nanocarrier 

interactions with biological components. Hydrophobic 

surfaces rapidly adsorb plasma proteins to form a protein 

corona, triggering recognition by macrophages and 

accelerating clearance from circulation [39]. To mitigate 

opsonization and extend circulation half-life, nanocarrier 

surfaces are commonly modified with hydrophilic polymers, 

most notably polyethylene glycol, creating a steric barrier 

that reduces protein adsorption [40]. However, recent studies 

have identified anti-PEG antibodies in patient populations 

and accelerated blood clearance upon repeated 

administration, motivating exploration of alternative stealth 

coatings such as zwitterionic polymers, polysaccharides, and 

biomimetic membranes [41]. 

Surface charge influences protein adsorption, cellular 

interactions, and biodistribution patterns. Highly cationic 

nanoparticles exhibit strong electrostatic interactions with 

negatively charged cell membranes, promoting cellular 

uptake but also causing nonspecific binding to blood 

components, inducing hemolysis, and triggering immune 

activation [42]. Conversely, anionic surfaces reduce 

nonspecific interactions but may limit cellular 

internalization. Near-neutral or slightly negative surface 

charges generally provide favorable circulation profiles while 

maintaining cellular uptake through receptor-mediated 

mechanisms [43]. Charge-reversal strategies, where surface 

charge transitions from negative or neutral to positive in 

response to acidic pH, enable improved circulation stability 

with enhanced intracellular delivery [44]. 

Shape and geometry constitute emerging design parameters 

with significant implications for nanocarrier performance. 

While spherical nanoparticles dominate current formulations 

due to fabrication simplicity and thermodynamic 

favorability, non-spherical geometries including rods, discs, 

worms, and stars exhibit distinct biological behaviors [45]. 

Elongated nanoparticles demonstrate prolonged circulation 

times due to alignment with blood flow and reduced 

macrophage uptake compared to spherical counterparts of 

equivalent volume [46]. Furthermore, shape influences 

margination toward vessel walls, adhesion to endothelium, 

and penetration through biological barriers, with high aspect 

ratio particles showing enhanced vascular targeting and 

tumor penetration under certain conditions [47]. 

Liposomal nanocarriers, composed of phospholipid bilayers 

enclosing aqueous cores, represent the most clinically 

advanced platform with multiple approved formulations [48]. 

Their biocompatibility, versatility in loading both 

hydrophilic and hydrophobic drugs, and well-established 

manufacturing processes have facilitated clinical translation. 

PEGylated liposomes achieve extended circulation times, 

while thermosensitive formulations enable triggered release 

in response to local hyperthermia [49]. Cationic liposomes 

facilitate nucleic acid delivery through electrostatic 

complexation and membrane fusion, although concerns 

regarding toxicity and immunogenicity require careful 

optimization [50]. 

Polymeric nanoparticles offer exceptional versatility through 

selection of polymer composition, architecture, and 

functionalization strategies. Biodegradable polymers such as 

poly(lactic-co-glycolic acid), polylactic acid, and 

polycaprolactone undergo hydrolytic degradation to 

biocompatible metabolites, providing sustained drug release 

and minimizing long-term accumulation. Amphiphilic block 

copolymers self-assemble into micelles with hydrophobic 

cores for drug encapsulation and hydrophilic coronas for 

circulation stability. Dendrimers, highly branched polymeric 

structures with precisely defined architectures, enable 

multivalent surface functionalization and controlled drug 

loading through encapsulation or covalent conjugation. 

Inorganic nanoparticles including gold, silica, iron oxide, and 

quantum dots provide unique optical, magnetic, or catalytic 

properties enabling theranostic applications that integrate 

therapy with real-time imaging. Gold nanoparticles support 

photothermal therapy through near-infrared light absorption, 

facilitate surface functionalization through thiol chemistry, 

and enable computed tomography imaging. Mesoporous 

silica nanoparticles offer high drug loading capacity within 

ordered pore structures, stimuli-responsive release through 

gated mechanisms, and surface functionalization for 

targeting. Magnetic nanoparticles enable magnetic resonance 

imaging, magnetic field-guided targeting, and hyperthermia 

therapy, though concerns regarding long-term retention and 

potential toxicity require thorough investigation. 

Hybrid and biomimetic nanocarriers represent advanced 

design strategies combining favorable attributes of multiple 

materials or leveraging biological components. Lipid-

polymer hybrid nanoparticles integrate the biocompatibility 

http://www.pharmainsightjournal.com/


International Journal of Pharma Insight Studies www.PharmaInsightJournal.com  

 
    47 | P a g e  

 

of liposomes with the mechanical stability and controlled 

release of polymers. Cell membrane-coated nanoparticles, 

where synthetic cores are enveloped in natural cell 

membranes derived from red blood cells, platelets, cancer 

cells, or immune cells, exhibit enhanced circulation times, 

immune evasion, and homotypic targeting capabilities. 

Exosome-based delivery systems harness naturally occurring 

extracellular vesicles for improved biocompatibility and 

inherent targeting to specific cell types. 

Active targeting ligands must be selected based on target 

accessibility, expression levels, specificity, and 

internalization capacity. Folate receptors, overexpressed on 

various cancer types, have been extensively targeted using 

folic acid-conjugated nanocarriers that undergo receptor-

mediated endocytosis. Transferrin receptors, upregulated in 

proliferating cells and brain endothelium, enable tumor 

targeting and brain delivery through transferrin or anti-

transferrin receptor antibody conjugation. Integrin receptors, 

involved in angiogenesis and metastasis, are targeted using 

RGD peptides that promote nanoparticle binding to tumor 

vasculature and cancer cells. Antibody-conjugated 

nanoparticles leverage the specificity of monoclonal 

antibodies against tumor-associated antigens, though their 

large size may limit tumor penetration and increase 

immunogenicity. 

Multistage delivery systems employ sequential targeting 

strategies to overcome multiple biological barriers 

encountered during systemic delivery to intracellular targets. 

First-stage carriers optimize circulation and extravasation, 

then release or transform into second-stage carriers optimized 

for tissue penetration or cellular uptake. Size-shrinkable or 

charge-reversal nanoparticles undergo stimuli-triggered 

transformations that enhance performance at each delivery 

stage. Such hierarchical designs acknowledge that optimal 

properties for circulation differ from those required for 

extravasation, penetration, cellular uptake, and intracellular 

trafficking, necessitating adaptive systems that modulate 

their characteristics in response to local microenvironments. 

 

4. Physicochemical and Biological Barriers to Targeted 

Delivery 

Successful targeted drug delivery requires nanocarriers to 

navigate a complex series of biological barriers from the site 

of administration to the intracellular target. Understanding 

and addressing these obstacles represents a critical aspect of 

rational nanocarrier design and translational development. 

The journey begins immediately upon intravenous 

administration when nanoparticles encounter blood 

components including plasma proteins, lipoproteins, 

antibodies, complement factors, and cellular elements. 

Protein corona formation constitutes the first major barrier, 

wherein plasma proteins rapidly adsorb onto nanoparticle 

surfaces within milliseconds of blood exposure. The 

composition and conformation of adsorbed proteins depend 

on nanoparticle size, shape, surface chemistry, and charge, as 

well as the dynamic exchange between proteins with varying 

affinities. The protein corona fundamentally alters the 

biological identity of nanoparticles, influencing their 

subsequent interactions with cellular receptors, immune 

components, and biological membranes. Opsonins such as 

immunoglobulins and complement proteins mark 

nanoparticles for recognition and clearance by the 

mononuclear phagocyte system, predominantly liver and 

spleen macrophages. Strategies to mitigate protein corona 

formation include surface PEGylation, zwitterionic coatings, 

and biomimetic camouflage, though complete prevention 

remains elusive. 

The mononuclear phagocyte system represents a major 

clearance pathway that limits the fraction of administered 

dose reaching target tissues. Kupffer cells in liver sinusoids 

and splenic macrophages efficiently capture circulating 

nanoparticles, particularly those exceeding 200 nanometers 

or bearing opsonins. While this rapid clearance poses 

challenges for tumor targeting, it can be exploited for 

therapeutic applications in liver diseases, infectious diseases 

affecting reticuloendothelial organs, or macrophage 

repolarization strategies. Extending circulation time requires 

nanocarrier designs that minimize phagocytic uptake through 

stealth coatings, optimal size selection, and near-neutral 

surface charge. 

Vascular extravasation through endothelial barriers varies 

dramatically across different tissues and pathological 

conditions. Normal tissues possess continuous endothelium 

with tight junctions limiting paracellular transport to 

molecules below 2 nanometers, effectively excluding most 

nanocarriers. Fenestrated endothelium in liver sinusoids, 

bone marrow, and some endocrine glands permits passage of 

particles up to 100 nanometers. Discontinuous endothelium 

in the spleen allows transit of even larger particles. In 

pathological tissues, particularly solid tumors, compromised 

endothelial integrity creates irregular fenestrations 

supporting the enhanced permeability and retention effect. 

However, significant heterogeneity exists both among 

different tumor types and within individual tumors, with 

regions of intact vasculature limiting nanoparticle 

extravasation. 

The tumor microenvironment presents additional barriers 

beyond vascular permeability. Elevated interstitial fluid 

pressure, resulting from leaky vasculature, lymphatic 

dysfunction, and extracellular matrix compression, opposes 

convective transport and limits nanoparticle penetration from 

perivascular regions into deeper tumor tissue. Dense 

extracellular matrix composed of collagen, proteoglycans, 

and glycoproteins restricts diffusive transport based on 

nanoparticle size and surface properties. Hypoxic regions 

distant from blood vessels exhibit altered metabolism, pH 

gradients, and necrotic cores that impede nanoparticle 

distribution. Tumor-associated stromal cells including 

fibroblasts, immune cells, and pericytes further complicate 

the microenvironment and can sequester nanoparticles, 

preventing cancer cell access. 

Cellular uptake mechanisms determine whether extravasated 

nanoparticles successfully enter target cells or remain 

confined to extracellular spaces. Nanoparticles generally 

cannot passively diffuse across lipid bilayers and instead rely 

on energy-dependent endocytic pathways. Clathrin-mediated 

endocytosis, the predominant pathway for particles below 

200 nanometers, internalizes nanoparticles into clathrin-

coated vesicles that mature into early endosomes. Caveolae-

mediated endocytosis involves smaller invaginations and is 

associated with reduced lysosomal trafficking, potentially 

improving cytoplasmic drug delivery. Macropinocytosis 

enables uptake of larger particles through membrane ruffling 

and formation of macropinosomes. The specific endocytic 

pathway influences subsequent intracellular trafficking and 

cargo delivery efficiency. 

Endosomal escape represents a critical challenge for 

delivering biologics and macromolecular therapeutics to 
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cytoplasmic or nuclear targets. Following endocytosis, 

nanoparticles traffic through progressively acidifying 

endosomal compartments that mature into lysosomes 

containing degradative enzymes. For drugs requiring 

cytoplasmic or nuclear localization, prolonged endosomal 

entrapment reduces therapeutic efficacy and subjects cargo to 

degradation. Strategies to promote endosomal escape include 

pH-responsive polymers that undergo protonation and 

membrane disruption in acidic compartments, fusogenic 

peptides that destabilize endosomal membranes, and 

photochemical internalization using light-activated 

photosensitizers. However, endosomal escape efficiency 

remains low for most systems, with only a small fraction of 

internalized cargo reaching the cytoplasm. 

Lysosomal degradation poses significant challenges for 

nanocarriers and their payloads. The harsh lysosomal 

environment with pH around 4.5 and abundant hydrolytic 

enzymes rapidly degrades proteins, nucleic acids, and 

biodegradable polymers. While degradation of carrier 

materials facilitates drug release and clearance, premature 

degradation before reaching intracellular targets diminishes 

therapeutic activity. Conversely, non-degradable materials 

may accumulate in lysosomes, potentially causing cellular 

dysfunction and toxicity. Balancing stability during 

circulation and extracellular transport with appropriate 

degradation kinetics following cellular uptake requires 

careful material selection and design. 

The blood-brain barrier represents perhaps the most 

formidable obstacle to drug delivery, restricting access to the 

central nervous system through tight endothelial junctions, 

efflux transporters, and limited transcytosis. Nanocarrier 

strategies for brain delivery include surface modification with 

ligands targeting receptors on brain endothelium such as 

transferrin, lactoferrin, or glucose transporters to promote 

receptor-mediated transcytosis. Alternative approaches 

include temporary barrier disruption using focused 

ultrasound with microbubbles, exploitation of intranasal 

administration pathways bypassing the barrier, or targeting of 

compromised barrier regions in brain tumors. However, 

efficient and safe brain delivery remains largely unachieved, 

limiting treatment options for neurological disorders and 

brain malignancies. 

Nucleic acid delivery faces additional barriers related to the 

inherent instability, large size, and negative charge of DNA 

and RNA therapeutics. Nucleases in blood and tissues rapidly 

degrade naked nucleic acids, while their anionic charge 

prevents cellular membrane crossing and complexation with 

cationic carriers. Successful gene delivery requires protection 

from degradation, cellular uptake, endosomal escape, 

cytoplasmic transport, and for DNA, nuclear entry and 

integration or episomal maintenance. Lipid nanoparticles 

have emerged as the leading platform for mRNA delivery, as 

evidenced by COVID-19 vaccine success, though optimizing 

formulations for different tissues and reducing 

immunogenicity remain active areas of investigation. 

 

5. Preclinical Evaluation and Translational Challenges 

The pathway from nanocarrier development to clinical 

application requires rigorous preclinical evaluation to 

establish proof-of-concept, optimize formulations, and 

generate safety and efficacy data supporting regulatory 

approval. In vitro studies provide initial screening of 

nanocarrier characteristics including drug loading efficiency, 

release kinetics, stability, cellular uptake, and cytotoxicity 

using relevant cell culture models. While these studies offer 

valuable mechanistic insights and enable high-throughput 

optimization, they fail to recapitulate the complex 

physiological barriers and systemic processes encountered in 

vivo. 

Animal models constitute essential tools for evaluating 

nanocarrier biodistribution, pharmacokinetics, therapeutic 

efficacy, and toxicity in living systems. Rodent models, 

particularly mice and rats, dominate preclinical 

nanomedicine research due to their cost-effectiveness, 

genetic tractability, and extensive characterization. However, 

significant interspecies differences in anatomy, physiology, 

immune function, and disease progression limit the predictive 

value of rodent models for human outcomes. The enhanced 

permeability and retention effect observed in murine tumors 

often exceeds that in human patients, leading to 

overestimation of passive targeting efficiency. Furthermore, 

xenograft tumor models implanted in immunocompromised 

mice fail to recapitulate the complex tumor 

microenvironment and immune interactions present in human 

cancers. 

Selection of appropriate animal models matching the target 

disease and intended clinical application improves 

translational relevance. Genetically engineered mouse 

models that spontaneously develop tumors with 

histopathology and progression resembling human cancers 

provide more realistic evaluation platforms than 

subcutaneous xenografts. Orthotopic tumor models, where 

cancer cells are implanted in their tissue of origin, better 

mimic clinical tumor microenvironments and metastatic 

behavior. Large animal models including dogs, pigs, and non-

human primates offer physiological and anatomical 

similarities to humans, though their use is limited by ethical 

considerations, costs, and practical constraints. 

Characterization of nanocarrier pharmacokinetics and 

biodistribution provides critical information about circulation 

time, tissue accumulation, clearance pathways, and potential 

off-target effects. Quantification methods must account for 

both intact nanocarriers and released drug, as these may 

exhibit distinct distribution patterns. Advanced imaging 

techniques including intravital microscopy, positron 

emission tomography, magnetic resonance imaging, and 

fluorescence imaging enable real-time tracking of 

nanocarrier fate with spatial and temporal resolution. 

However, labeling strategies using fluorophores, 

radioisotopes, or contrast agents may alter nanocarrier 

properties or dissociate from carriers, complicating data 

interpretation. 

Demonstrating therapeutic superiority over standard 

treatments represents a fundamental requirement for clinical 

translation. Preclinical efficacy studies must include 

appropriate controls, particularly the free drug formulation 

and clinical standard of care, to establish that benefits derive 

from nanocarrier-mediated delivery rather than inherent drug 

activity. Endpoints including tumor growth inhibition, 

survival, disease progression, and biomarker responses 

should align with clinical outcome measures. Combination 

therapy approaches integrating nanocarrier-delivered drugs 

with conventional treatments, immunotherapy, or radiation 

require careful optimization to identify synergistic regimens 

and optimal sequencing. 

Safety and toxicity assessment constitutes a critical 

component of preclinical development, as nanocarrier-

specific toxicities may not be predicted from the safety 
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profiles of constituent materials or encapsulated drugs. Acute 

toxicity studies evaluate immediate adverse effects following 

single or short-term repeated dosing, while chronic toxicity 

studies assess long-term exposure effects. Organ-specific 

toxicity panels examine liver function, kidney function, 

hematological parameters, cardiovascular effects, and 

immune responses. Particular attention must be directed 

toward potential accumulation in reticuloendothelial organs, 

complement activation-related pseudoallergy, off-target 

organ toxicity, and immunological responses including 

hypersensitivity reactions and immunosuppression. 

Genotoxicity, carcinogenicity, and reproductive toxicity 

studies may be required depending on nanocarrier 

composition, intended clinical use, and duration of exposure. 

Nanoparticles exhibiting high aspect ratios or fibrous 

morphologies raise concerns about asbestos-like 

pathogenicity and require specialized evaluation. 

Biodegradable systems must demonstrate that degradation 

products are non-toxic and efficiently cleared, while non-

degradable materials require assessment of long-term 

accumulation and potential chronic effects. 

Manufacturing and scale-up challenges often impede clinical 

translation of promising preclinical candidates. Laboratory-

scale nanocarrier synthesis methods frequently rely on batch 

processes with limited control over critical quality attributes 

and poor reproducibility. Scaling production to clinical and 

commercial quantities while maintaining consistent size 

distribution, drug loading, targeting ligand density, and 

stability requires process development and optimization. 

Good manufacturing practice compliance necessitates 

validated analytical methods for characterization, rigorous 

quality control, stability testing, and documentation meeting 

regulatory standards. 

Nanocarrier heterogeneity poses analytical challenges and 

regulatory concerns. Polydisperse size distributions, variable 

drug loading among individual particles, and batch-to-batch 

variability complicate standardization and quality control. 

Characterization of complex nanoformulations requires 

orthogonal analytical techniques including dynamic light 

scattering, electron microscopy, chromatography, 

spectroscopy, and biological assays to comprehensively 

assess critical quality attributes. Release testing methods 

must distinguish drug release kinetics under physiological 

conditions from degradation during storage. 

Regulatory pathways for nanomedicines remain evolving, as 

these products challenge traditional classification schemes 

and raise unique safety questions. Regulatory agencies 

including the FDA and EMA have developed guidance 

documents addressing nanomedicine development, though 

specific requirements depend on product classification as 

drugs, biologics, or combination products. The regulatory 

emphasis on product characterization, quality by design 

principles, and risk-based approaches requires extensive 

nanocarrier characterization and process understanding. Post-

approval surveillance and pharmacovigilance assume 

particular importance given limited long-term safety data at 

the time of approval and potential for rare adverse events 

emerging only after widespread clinical use. 

 

6. Clinical Applications and Therapeutic Outcomes 

Oncology represents the primary clinical domain for 

approved and investigational nanomedicines, driven by the 

enhanced permeability and retention effect in solid tumors 

and the therapeutic window challenges inherent to 

conventional chemotherapy. Doxil, the first FDA-approved 

nanomedicine in 1995, consists of PEGylated liposomal 

doxorubicin demonstrating reduced cardiotoxicity and 

altered biodistribution compared to free doxorubicin. Clinical 

trials established efficacy in ovarian cancer, AIDS-related 

Kaposi sarcoma, and multiple myeloma, with subsequent 

generic formulations expanding access. However, Doxil also 

revealed unique toxicities including hand-foot syndrome 

related to prolonged circulation and skin accumulation, 

illustrating that nanocarrier-mediated delivery can introduce 

new adverse effect profiles. 

Abraxane, an albumin-bound paclitaxel nanoparticle 

formulation approved in 2005, eliminates the need for toxic 

solubilizing agents required for conventional paclitaxel while 

enabling higher drug doses and altered tumor penetration. 

Clinical trials demonstrated superiority to standard paclitaxel 

in metastatic breast cancer, non-small cell lung cancer, and 

pancreatic cancer, establishing Abraxane as a widely used 

chemotherapy backbone. The albumin-binding approach 

exploits endogenous transport mechanisms and gp60 

receptor-mediated transcytosis, though debate continues 

regarding the precise mechanisms underlying enhanced 

efficacy. 

Additional liposomal chemotherapeutic formulations 

achieving regulatory approval include DaunoXome for 

Kaposi sarcoma, Myocet for metastatic breast cancer, 

Marqibo for acute lymphoblastic leukemia, and Onivyde for 

pancreatic cancer. These formulations alter 

pharmacokinetics, reduce dose-limiting toxicities, and in 

some cases demonstrate improved therapeutic outcomes, 

though the magnitude of benefit varies across products and 

indications. Notably, several late-stage clinical trials of 

targeted nanocarrier formulations failed to demonstrate 

superiority over non-targeted counterparts, raising questions 

about the added value of active targeting and prompting 

reevaluation of design strategies. 

Iron oxide nanoparticle formulations including ferumoxytol, 

originally approved as an iron replacement therapy for 

anemia, have found off-label use as magnetic resonance 

imaging contrast agents and are under investigation for 

magnetic hyperthermia and targeted drug delivery. The 

ability to combine therapeutic and diagnostic functions 

within theranostic nanoplatforms enables real-time 

monitoring of biodistribution, treatment response, and 

disease progression. However, most theranostic applications 

remain investigational, with clinical translation hindered by 

regulatory complexities of combination products and the 

need to demonstrate added value over separate therapeutic 

and diagnostic approaches. 

Infectious disease applications of nanomedicine aim to 

improve treatment of bacterial, viral, fungal, and parasitic 

infections through enhanced drug delivery to sites of 

infection, prolonged antimicrobial activity, and overcoming 

drug resistance mechanisms. AmBisome, a liposomal 

formulation of amphotericin B approved for systemic fungal 

infections and visceral leishmaniasis, significantly reduces 

the severe nephrotoxicity associated with conventional 

amphotericin B while maintaining antifungal efficacy. 

Liposomal formulations of aminoglycosides under 

development target drug delivery to infected macrophages 

and biofilms, potentially enabling treatment of intracellular 

pathogens and chronic infections. 

Lipid nanoparticle-formulated mRNA vaccines against 

COVID-19 represent a watershed moment for nanomedicine, 
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demonstrating the feasibility of rapid development, large-

scale manufacturing, and global deployment. The Pfizer-

BioNTech and Moderna vaccines utilize ionizable lipid 

nanoparticles protecting mRNA from degradation and 

facilitating cellular delivery and endosomal escape. Clinical 

trial data demonstrated over 90 percent efficacy against 

symptomatic infection with acceptable safety profiles, 

leading to emergency use authorization and subsequent full 

approval. The success of these vaccines has validated mRNA 

delivery technology and catalyzed investment in therapeutic 

mRNA applications for cancer immunotherapy, protein 

replacement, and gene editing. 

Cardiovascular applications of nanomedicine focus on 

targeted delivery of therapeutics to atherosclerotic plaques, 

ischemic myocardium, and damaged endothelium. 

Nanoparticles accumulate in atherosclerotic lesions through 

enhanced vascular permeability and macrophage uptake, 

enabling delivery of anti-inflammatory agents, imaging 

contrast, or plaque-stabilizing therapeutics. Clinical 

translation has been limited by challenges in demonstrating 

efficacy endpoints in chronic cardiovascular diseases and 

competing with established pharmaceutical interventions. 

Central nervous system disorders present unique 

opportunities and challenges for nanomedicine given the 

blood-brain barrier limitations of conventional drugs and the 

prevalence of neurological diseases with inadequate 

treatments. Strategies under clinical investigation include 

intranasal delivery to bypass the blood-brain barrier, focused 

ultrasound-mediated temporary barrier disruption to facilitate 

nanoparticle extravasation, and receptor-targeted 

nanocarriers promoting transcytosis across brain 

endothelium. Glioblastoma trials evaluating locally 

administered nanoformulations via convection-enhanced 

delivery have shown modest benefits, though systemic 

delivery to brain tumors remains largely unsuccessful. 

Gene therapy and RNA interference applications have been 

transformed by lipid nanoparticle delivery platforms. 

Onpattro, a lipid nanoparticle formulation of siRNA 

approved in 2018 for hereditary transthyretin amyloidosis, 

demonstrated that therapeutic RNA can be systemically 

delivered to hepatocytes with sustained gene silencing and 

clinical benefit. Subsequent approvals of additional siRNA 

and antisense oligonucleotide nanoformulations have 

established RNA therapeutics as a viable drug class. 

CRISPR-Cas9 gene editing complexes delivered via lipid 

nanoparticles are advancing through clinical trials for sickle 

cell disease, genetic liver diseases, and cancer, though off-

target editing and delivery efficiency to non-liver tissues 

remain challenges. 

Despite these successes, the overall clinical translation rate of 

nanomedicines remains disappointingly low relative to 

preclinical investment. Systematic reviews estimate that 

fewer than 10 percent of nanomedicine candidates entering 

clinical trials achieve regulatory approval. Contributing 

factors include overreliance on murine tumor models with 

limited clinical relevance, insufficient characterization of 

nanocarrier behavior in human patients, failure to 

demonstrate meaningful clinical advantages over existing 

treatments, manufacturing challenges, and safety concerns 

emerging during clinical development. Furthermore, 

enhanced permeability and retention effect heterogeneity 

among patients and tumor types necessitates patient 

stratification approaches to identify populations most likely 

to benefit from nanocarrier-mediated delivery. 

7. Safety, Toxicity, and Regulatory Considerations 

The safety profile of nanomedicines extends beyond the 

intrinsic toxicity of encapsulated drugs to include 

nanocarrier-specific effects arising from their unique 

physicochemical properties and biological interactions. 

Complement activation-related pseudoallergy represents a 

well-characterized hypersensitivity reaction observed with 

liposomal and polymeric nanoparticles, manifesting as 

flushing, chest tightness, dyspnea, and hypotension during or 

shortly after infusion. This reaction results from complement 

system activation triggering anaphylatoxin release and mast 

cell degranulation, and while usually mild and manageable 

through slowed infusion rates and premedication, severe 

cases can be life-threatening. 

Accelerated blood clearance phenomenon describes immune-

mediated rapid clearance of PEGylated nanoparticles upon 

repeated dosing, caused by anti-PEG IgM antibody 

production following initial exposure. This loss of stealth 

properties reduces circulation time and may diminish 

therapeutic efficacy of subsequent doses, complicating 

treatment regimens requiring multiple administrations. The 

increasing prevalence of pre-existing anti-PEG antibodies in 

the general population, potentially from exposure to 

PEGylated cosmetics and pharmaceuticals, raises concerns 

about reduced efficacy and increased hypersensitivity risk 

even upon first nanomedicine exposure. 

Long-term accumulation of non-biodegradable nanoparticles 

in reticuloendothelial organs raises concerns about potential 

chronic toxicity, though clinical data remain limited due to 

the relatively recent approval of most nanomedicines and 

insufficient long-term follow-up. Autopsy studies of patients 

treated with liposomal anthracyclines revealed persistent 

drug accumulation in liver and spleen years after treatment, 

though without apparent organ dysfunction. Gold 

nanoparticles and other inorganic materials resist degradation 

and may persist indefinitely, necessitating careful risk-

benefit assessment particularly for non-life-threatening 

indications. 

Immunological effects of nanomedicines span a spectrum 

from undesired immunogenicity and hypersensitivity to 

intentional immunostimulation for vaccine and 

immunotherapy applications. Nanoparticle adjuvants 

enhance vaccine responses through depot formation, antigen 

protection, immune cell targeting, and innate immune 

activation. However, inadvertent immune activation can 

cause systemic inflammatory responses, cytokine release 

syndrome, or autoimmune phenomena. Conversely, some 

nanoparticles induce immunosuppression through 

macrophage dysfunction or regulatory T cell expansion, 

potentially increasing infection risk or impairing tumor 

immune surveillance. 

Reproductive and developmental toxicity of nanomaterials 

remains incompletely characterized, with limited clinical data 

and conflicting animal studies. Nanoparticle translocation 

across the placenta, distribution to fetal tissues, and effects on 

embryonic development depend on size, surface chemistry, 

and exposure timing. Regulatory guidelines recommend 

reproductive toxicology studies for nanomedicines intended 

for use in women of childbearing potential, though 

interpretation of animal data and extrapolation to human risk 

remains challenging. 

Environmental and occupational exposure considerations 

extend nanomedicine safety assessment beyond patients to 

healthcare workers, manufacturing personnel, and potential 
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environmental release. Aerosolization during reconstitution, 

needle-stick injuries, and waste disposal present exposure 

routes requiring appropriate handling procedures and 

personal protective equipment. Environmental fate and 

ecotoxicology of nanomedicines receiving limited attention 

compared to other engineered nanomaterials, though aquatic 

and terrestrial organism exposures from pharmaceutical 

waste streams merit consideration. 

Regulatory frameworks for nanomedicine development have 

evolved substantially since early approvals, with agencies 

increasingly recognizing the unique characteristics and 

potential risks of nanoformulations. The FDA guidance 

documents on liposomal drug products and drug products 

containing nanomaterials provide recommendations on 

characterization, quality control, and preclinical and clinical 

development. Key principles include thorough 

physicochemical characterization using multiple orthogonal 

methods, demonstration of batch-to-batch consistency, 

assessment of nanoparticle-specific pharmacology and 

toxicology, and quality by design approaches integrating 

process understanding with risk management. 

Characterization requirements for nanomedicines 

substantially exceed those for conventional pharmaceuticals, 

reflecting the importance of physicochemical properties in 

determining biological behavior. Critical quality attributes 

requiring control include particle size distribution, surface 

charge, morphology, drug loading and entrapment efficiency, 

drug release kinetics, stability, targeting ligand density, and 

absence of aggregation. Regulatory submissions must 

include detailed manufacturing process descriptions, in-

process controls, analytical method validation, and 

specifications ensuring product quality throughout the shelf 

life. 

The classification of nanomedicines as new molecular 

entities versus generic or biosimilar versions of approved 

products presents regulatory complexities. While the FDA 

has approved several generic liposomal formulations 

establishing pathways for non-biological complex drugs, 

demonstrating equivalence requires extensive comparative 

characterization and potentially clinical studies given the 

sensitivity of biological performance to subtle formulation 

differences. The concept of pharmaceutical equivalence 

applied to conventional generics proves insufficient for 

complex nanoformulations where manufacturing process 

parameters critically influence product attributes. 

Risk-benefit assessment for nanomedicines must account for 

the severity and treatability of the target disease, available 

therapeutic alternatives, and the magnitude of potential 

benefit relative to conventional treatments. Regulatory 

agencies generally accept greater risks for life-threatening 

conditions lacking effective treatments than for chronic 

diseases with existing therapies. Incremental improvements 

over standard of care may face regulatory and reimbursement 

challenges absent cost advantages or quality of life benefits. 

Post-marketing surveillance assumes critical importance for 

detecting rare adverse events, long-term effects, and real-

world effectiveness that may differ from clinical trial 

observations. Registry studies tracking patients receiving 

specific nanomedicines can identify safety signals and 

characterize outcomes in broader populations including those 

excluded from trials due to comorbidities or concomitant 

medications. However, establishing causality for adverse 

events potentially related to nanocarrier properties rather than 

encapsulated drugs requires careful pharmacovigilance and 

investigation. 

 

8. Future Perspectives in Nanomedicine Based Drug 

Delivery 

The future of nanomedicine-based drug delivery will likely 

be shaped by several converging trends including 

personalized medicine approaches, artificial intelligence-

guided design, advanced manufacturing technologies, and 

integration with emerging therapeutic modalities. 

Personalized nanomedicine recognizes that patient-specific 

factors including genetic background, disease characteristics, 

and physiological parameters influence nanocarrier 

biodistribution and therapeutic response. Companion 

diagnostics identifying patients with tumor vascular 

permeability conducive to enhanced permeability and 

retention effect could stratify populations most likely to 

benefit from passive targeting strategies, improving clinical 

trial success rates and therapeutic outcomes. 

Imaging-guided nanoparticle delivery represents an attractive 

approach to verify tumor accumulation, optimize dosing, and 

predict therapeutic response. Incorporating imaging contrast 

agents or radiolabels into therapeutic nanocarriers enables 

real-time tracking of biodistribution using positron emission 

tomography, magnetic resonance imaging, or optical 

imaging. Patients demonstrating inadequate tumor 

accumulation could be identified early and transitioned to 

alternative treatments, while those with favorable uptake 

might receive intensified dosing. However, regulatory 

pathways for theranostic products remain complex, and 

added costs must be justified by improved outcomes. 

Artificial intelligence and machine learning applications to 

nanomedicine design promise to accelerate optimization by 

learning structure-property-activity relationships from 

existing data and predicting nanocarrier performance. 

Training algorithms on datasets linking physicochemical 

properties to biodistribution, efficacy, and toxicity could 

identify optimal formulation parameters and predict clinical 

outcomes. High-throughput screening combined with 

automated characterization generates the large datasets 

necessary for robust machine learning models. However, 

model development requires standardized data formats, 

sharing of proprietary datasets, and validation in prospective 

studies to establish reliability. 

Stimuli-responsive and smart nanocarriers responsive to 

disease microenvironment signals or external triggers will 

advance from research concepts to clinical applications as 

design principles mature and safety is established. pH-

responsive systems exploiting acidic tumor 

microenvironments and endosomal compartments have 

shown promise, while enzyme-responsive carriers sensitive 

to matrix metalloproteinases or other tumor-associated 

proteases enable selective drug release. Externally triggered 

systems using light, ultrasound, or magnetic fields provide 

unprecedented spatiotemporal control over drug release, 

enabling on-demand activation at tumor sites. Clinical 

translation requires demonstrating that the added complexity 

improves outcomes relative to simpler formulations and that 

triggering mechanisms are safe and feasible in clinical 

settings. 

Immunotherapy combinations represent a particularly 

promising direction, as nanocarriers can deliver 

immunomodulatory agents to tumors, tumor-draining lymph 

nodes, or specific immune cell populations. Nanoparticle 
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vaccines incorporating tumor antigens and adjuvants promote 

robust antitumor immune responses and may synergize with 

checkpoint inhibitors. Nanocarriers delivering 

immunostimulatory nucleic acids or small molecules 

reprogram immunosuppressive tumor microenvironments to 

enhance immune recognition and rejection. Furthermore, 

chimeric antigen receptor T cell therapies could be enhanced 

by nanoparticle-mediated in vivo gene editing, avoiding ex 

vivo manufacturing challenges and reducing costs. 

Combination nanomedicines co-delivering multiple drugs 

with different mechanisms of action or physicochemical 

properties address drug resistance and enable synergistic 

effects. Ratiometric co-delivery maintaining optimal drug 

ratios at tumor sites maximizes synergy and prevents 

antagonistic interactions. Sequential release systems 

delivering drugs in specific temporal sequences coordinate 

combination therapy for optimal effect. Clinical development 

of combination nanomedicines faces regulatory challenges 

regarding dose optimization, bioanalytical characterization, 

and demonstrating advantages over sequential administration 

of single-agent formulations. 

Biologics delivery including proteins, peptides, antibodies, 

and nucleic acids will expand as formulation strategies 

overcome their inherent instability and delivery challenges. 

Oral delivery of biologics via nanocarrier protection and 

permeation enhancement could transform treatment of 

chronic diseases requiring frequent injections. Pulmonary 

delivery of nanoformulated biologics offers non-invasive 

systemic or local lung delivery for respiratory diseases. 

CRISPR-based gene editing therapies delivered by lipid 

nanoparticles are progressing toward clinical applications for 

genetic diseases, though improving delivery efficiency to 

non-liver tissues and ensuring editing precision remain 

priorities. 

Regenerative medicine and tissue engineering applications of 

nanomedicine include nanocarrier delivery of growth factors, 

cytokines, and nucleic acids promoting tissue repair and 

regeneration. Injectable nanoparticle-hydrogel composites 

provide spatiotemporal control over bioactive factor 

presentation, supporting cell differentiation and tissue 

organization. Nanoparticle-based modification of stem cells 

improves homing to injured tissues and modulates 

differentiation. Translation to clinical practice requires 

demonstrating functional tissue restoration and long-term 

safety. 

Manufacturing advances including continuous production, 

microfluidic synthesis, and 3D printing will enhance 

reproducibility, scalability, and control over nanocarrier 

properties. Microfluidic mixing enables precise control of 

self-assembly processes, producing monodisperse 

nanoparticles with tunable characteristics. Continuous 

manufacturing offers advantages over batch production 

including improved consistency, reduced costs, and better 

process control. However, transitioning from batch to 

continuous processes requires process analytical technology 

for real-time quality monitoring and control. 

Regulatory science developments will need to keep pace with 

technological innovation to enable safe and efficient clinical 

translation. Harmonization of characterization methods, 

validation of predictive in vitro and in silico models reducing 

animal testing, and standardized nomenclature facilitating 

communication among stakeholders would accelerate 

development. Risk-based approaches tailoring regulatory 

requirements to product complexity and application would 

balance safety assurance with innovation encouragement. 

International cooperation among regulatory agencies would 

reduce duplicative testing and streamline global 

development. 

Despite remarkable progress, fundamental questions remain 

about nanomedicine mechanisms and optimal design 

strategies. The quantitative contribution of enhanced 

permeability and retention effect versus active targeting to 

therapeutic outcomes in human patients requires clarification 

through carefully designed clinical studies with appropriate 

controls. Understanding protein corona composition and 

dynamics in patient populations and its influence on 

nanocarrier behavior could enable corona engineering 

strategies improving performance. Elucidating the fate of 

nanocarriers at the single-cell level and their subcellular 

trafficking would inform design of more efficient 

intracellular delivery systems. 

 

9. Conclusion 

Nanomedicine-based targeted drug delivery has evolved 

from a conceptual framework into a clinical reality, with 

multiple approved formulations demonstrating therapeutic 

benefits and several transformative applications including 

mRNA vaccines achieving widespread implementation. The 

ability to engineer nanocarriers with precisely controlled 

physicochemical properties enables modulation of 

pharmacokinetics, biodistribution, and drug release profiles, 

offering solutions to longstanding challenges in 

pharmaceutical development. Passive targeting mechanisms 

exploiting pathophysiological features of diseased tissues and 

active targeting approaches incorporating specific ligands 

provide complementary strategies to enhance drug 

accumulation at target sites while reducing systemic 

exposure. 

However, the translation of nanomedicine from laboratory 

discovery to clinical practice remains challenging, with the 

majority of preclinical candidates failing to demonstrate 

meaningful advantages over conventional therapies in human 

trials. The heterogeneity of enhanced permeability and 

retention effect among patients and tumor types, complex 

biological barriers limiting nanocarrier delivery to target 

cells, and insufficient understanding of nanocarrier behavior 

in human pathophysiology contribute to the translational gap. 

Furthermore, the incremental nature of improvements offered 

by some nanomedicines relative to existing treatments raises 

questions about clinical value and cost-effectiveness. 

Future progress will require integration of personalized 

medicine approaches stratifying patients based on their 

likelihood of responding to nanocarrier-mediated delivery, 

artificial intelligence methods accelerating rational design, 

advanced manufacturing enabling reproducible production at 

scale, and combinations with emerging therapeutic 

modalities including immunotherapy and gene editing. 

Regulatory frameworks must continue evolving to address 

the unique characteristics of nanomedicines while enabling 

innovation. Most importantly, the field must prioritize 

translational research addressing fundamental questions 

about nanomedicine mechanisms in human patients and 

clinical trial designs that rigorously establish superiority over 

standard of care. 

Despite remaining challenges, the trajectory of nanomedicine 

development demonstrates clear progress toward realizing 

the vision of precision drug delivery. As our understanding 

of nanocarrier-biological interactions deepens, design 
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strategies mature, and manufacturing capabilities advance, 

nanomedicine is poised to enable previously impossible 

therapeutic approaches and improve outcomes for patients 

with diverse diseases. The success of lipid nanoparticle-

formulated mRNA vaccines illustrates the transformative 

potential when technological innovation aligns with urgent 

medical needs, appropriate investment, and regulatory 

flexibility. Building on this foundation, the next generation 

of nanomedicines will likely achieve more ambitious goals 

including curative gene therapies, personalized cancer 

vaccines, and targeted treatments for currently undruggable 

diseases. 

 

10. Figure  

 

 
 

Fig 1: Types of nanocarriers and their targeting mechanisms in drug delivery. 

 

 
 

Fig 2: Interaction of nanomedicines with biological barriers and target tissues. 
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11. Tables 
 

Table 1: Classification of nanocarriers used in targeted drug delivery and their key characteristics 
 

Nanocarrier 

Type 

Size 

Range 
Composition 

Drug Loading 

Mechanism 

Release 

Mechanism 
Advantages Limitations 

Clinical 

Examples 

Liposomes 
50-500 

nm 

Phospholipid 

bilayers with 

aqueous core 

Hydrophilic drugs 

in core, 

hydrophobic in 

bilayer 

Diffusion, 

degradation, 

stimuli-

responsive 

Biocompatible, 

versatile, clinical 

validation 

Stability issues, rapid 

clearance, limited 

loading for 

hydrophobic drugs 

Doxil, 

DaunoXome, 

AmBisome 

PEGylated 

liposomes 

80-200 

nm 

PEG-modified 

phospholipids 

Similar to 

liposomes 

Prolonged 

release due to 

steric barrier 

Extended circulation, 

reduced 

immunogenicity 

Accelerated blood 

clearance, anti-PEG 

antibodies 

Doxil, Onivyde 

Polymeric 

nanoparticles 

10-

1000 

nm 

Biodegradable 

polymers (PLGA, 

PLA) 

Encapsulation, 

conjugation 

Degradation, 

diffusion, 

erosion 

Controlled release, 

tunable properties, 

protection 

Potential toxicity, 

manufacturing 

complexity 

Abraxane, 

Eligard 

Polymeric 

micelles 

10-100 

nm 

Amphiphilic 

block copolymers 

Hydrophobic drugs 

in core 

Core 

disassembly, 

diffusion 

High drug loading, 

simple preparation 

Low stability, 

premature release 
Genexol-PM 

Dendrimers 
1-15 

nm 

Highly branched 

polymers 

Surface 

conjugation, core 

encapsulation 

Controlled 

degradation 

Precise structure, 

multivalency 

Potential toxicity, 

synthetic complexity 

VivaGel 

(topical) 

Gold 

nanoparticles 

1-150 

nm 
Metallic gold 

Surface 

conjugation 

Controlled by 

surface 

chemistry 

Imaging, 

photothermal 

therapy, easy 

functionalization 

Non-biodegradable, 

long-term 

accumulation 

Auroshell (in 

trials) 

Mesoporous 

silica 

50-300 

nm 

Silicon dioxide 

with ordered 

pores 

High capacity pore 

loading 

Gated release, 

diffusion 

Very high loading, 

tunable pores 

Potential toxicity, 

biodegradation 

concerns 

Investigational 

Iron oxide 

nanoparticles 

10-100 

nm 

Magnetite or 

maghemite 

Surface 

conjugation 

Magnetic or 

thermal trigger 

Imaging, 

hyperthermia, 

targeting 

Non-biodegradable, 

potential toxicity 
Ferumoxytol 

Lipid 

nanoparticles 

50-200 

nm 

Ionizable lipids, 

cholesterol, PEG-

lipid 

Encapsulation of 

nucleic acids 

pH-dependent 

release 

Efficient nucleic acid 

delivery, endosomal 

escape 

Limited to nucleic 

acids, immunogenicity 

Onpattro, 

COVID-19 

vaccines 

Albumin 

nanoparticles 

100-

200 

nm 

Human serum 

albumin 

Drug binding to 

albumin 

pH-dependent 

dissociation 

Biocompatible, 

biodegradable, tumor 

penetration 

Limited to albumin-

binding drugs 
Abraxane 

Hybrid 

nanoparticles 

50-500 

nm 

Lipid shell with 

polymer core 

Multiple 

mechanisms 

Tunable based 

on composition 

Combined 

advantages of 

components 

Complex 

manufacturing 
Investigational 

Cell 

membrane-

coated 

50-200 

nm 

Synthetic core 

with natural 

membrane 

Core encapsulation 
Depends on core 

material 

Immune evasion, 

homotypic targeting 

Complex preparation, 

stability 
Investigational 
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Table 2: Advantages, limitations, and clinical status of nanomedicine based drug delivery systems 
 

Aspect 
Conventional Drug 

Delivery 
Nanomedicine Based Delivery Evidence Level Clinical Impact 

Biodistribution 

Nonspecific 

distribution to all 

tissues 

Enhanced accumulation at target 

sites through EPR effect and active 

targeting 

Multiple approved products 

and clinical trials 

Reduced off-target toxicity, 

variable magnitude across 

patients 

Pharmacokinetics 
Rapid clearance, short 

half-life 

Prolonged circulation time, altered 

metabolism 

FDA-approved PEGylated 

formulations 

Less frequent dosing, improved 

patient compliance 

Solubility 
Limited by intrinsic 

drug properties 

Solubilization in carriers enables 

delivery of poorly soluble drugs 

Abraxane, paclitaxel 

formulations 

Enables clinical use of otherwise 

undevelopable compounds 

Drug stability 
Degradation in 

biological fluids 

Protection from enzymatic and 

chemical degradation 
mRNA vaccine success 

Delivery of unstable biologics, 

extended shelf life 

Therapeutic index 

Narrow window 

between efficacy and 

toxicity 

Improved through selective 

delivery 

Doxil demonstrating reduced 

cardiotoxicity 

Enables higher effective doses, 

reduced adverse effects 

Controlled release 
Immediate or simple 

sustained release 

Tunable release kinetics, stimuli-

responsive options 

Some approved depot 

formulations 

Maintained therapeutic levels, 

reduced dosing frequency 

Cellular uptake 
Passive diffusion or 

limited by transporters 

Enhanced through receptor-

mediated endocytosis 

Multiple targeted 

formulations in trials 

Improved intracellular delivery, 

especially for biologics 

Multifunctionality 
Single therapeutic 

function 

Theranostic capabilities, 

combination delivery 

Investigational products in 

development 

Real-time monitoring, 

synergistic combinations 

Manufacturing 
Well-established, 

scalable 

Complex processes, quality control 

challenges 

Generic liposomal 

formulations approved 

Higher costs, potential supply 

limitations 

Regulatory 

pathway 
Clear precedents 

Evolving guidance, case-by-case 

evaluation 

Multiple approved 

nanomedicines establish 

pathways 

Longer development timelines, 

comprehensive characterization 

required 

Cost Generally lower 
Higher due to complex 

manufacturing 

Reimbursement challenges 

for some products 

Limited access in resource-

constrained settings 

Immunogenicity 
Drug-specific immune 

responses 

Carrier and drug immunogenicity, 

CARPA reactions 

Clinical experience with 

liposomes and LNPs 

Requires premedication, limits 

repeat dosing in some cases 

Long-term safety 
Extensive post-

marketing data 
Limited long-term follow-up 

Ongoing pharmacovigilance 

studies 

Unknown effects of persistent 

accumulation 

Clinical efficacy 
Established for 

approved drugs 

Variable results, some superior to 

conventional 
Mixed trial outcomes 

Need for patient stratification, 

biomarker development 

Patient acceptance Familiar formulations 
Novel technology may raise 

concerns 

Generally well-accepted 

when benefits clear 

Education needed on technology 

and benefits 
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