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ABSTRACT 

Nanotechnology has emerged as a revolutionary paradigm in modern 

medicine, particularly in rewriting the rules of therapeutic delivery. 

Traditional drug delivery methods frequently encounter significant 

pharmacokinetics drawbacks, including poor aqueous solubility, narrow 

therapeutic index, non-specific bio distribution, and high systemic toxicity. 

This comprehensive review paper systematically explores recent 

advancements in nanotechnology-based drug delivery systems (NDDS), 

outlining their architectural classifications, functionalization strategies, and 

targeted delivery mechanisms. We provide a detailed examination of organic, 

inorganic, and hybrid nanomaterials—such as liposomes, polymeric 

nanoparticles, dendrimers, gold nanoparticles, quantum dots, and metal-

organic frameworks (MOFs)—and analyze their deployment against complex 

pathologies like cancer, neurological disorders, and infectious diseases. 

Furthermore, we deliberate on stimulus-responsive systems triggered by 

internal micro environmental prompts (pH, enzymes, redox states) or external 

modalities (magnetic fields, light, ultrasound). This paper also identifies the 

existing bench-to-bedside translational bottlenecks, including nanotoxicity, 

scalability, regulatory hurdles, and reproducibility challenges, concluding 

with actionable perspectives on the future of personalized smart 

nanomedicine. Through comprehensive literature evaluation and structured 

comparative matrices, this study serves as a core resource for engineering 

enhanced multi-functional therapeutic architectures. 

 

KEYWORDS: Nanotechnology; Targeted Drug Delivery; Liposomes; 
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INTRODUCTION 

The administration of therapeutic entities to precise anatomical sites at controlled rates 

remains one of the most formidable challenges in modern pharmacology. Traditional 

therapeutic regimens, comprising conventional oral formulations and simple intravenous 

injections, are fundamentally limited by their reliance on systemic circulation to achieve 

therapeutic concentrations at the target site [1]. This non-specific distribution requires the 

administration of higher dosages, which concomitantly precipitates off-target toxicities, 

adverse systemic side effects, and suboptimal patient compliance [2]. Furthermore, a 

significant proportion of newly discovered chemical entities and biomacromolecules possess 

highly unfavorable physicochemical properties, such as extreme hydrophobicity, rapid 

enzymatic degradation, poor biological membrane permeability, and short biological half-

lives [3]. Consequently, the clinical translation of potent therapeutic candidates is frequently 

halted due to unfavorable pharmacokinetic profiles rather than a lack of intrinsic 

pharmacodynamic efficacy. 

 

To circumvent these foundational limitations, the field of drug delivery has increasingly 

integrated concepts from nanotechnology, materials science, and bioengineering. 

Nanotechnology-based drug delivery systems (NDDS) utilize engineered vehicles typically 

ranging from 1 to 100 nanometers in at least one dimension [4]. At this unique sub-cellular 

scale, materials exhibit distinctive physical, chemical, and biological properties that differ 

drastically from their bulk counterparts. The exceptionally high surface-area-to-volume ratio 

of nanoparticles provides an expansive platform for high-density drug loading, surface 

functionalization, and the attachment of targeting moieties [5]. Crucially, NDDS can shield 

sensitive molecular payloads—such as small molecule chemotherapeutics, small interfering 

RNA (siRNA), messenger RNA (mRNA), and proteins—from premature in vivo degradation 

by circulating nucleases and metabolic enzymes, thereby prolonging systemic circulation 

time and altering biological disposition profiles [6]. 

 

A foundational mechanism enabling the application of nanotechnology in oncology is the 

Enhanced Permeability and Retention (EPR) effect, first described by Matsumura and Maeda 

[7]. Rapidly growing tumor masses stimulate the chaotic secretion of angiogenic factors, 

leading to the formation of highly defective, hyperpermeable tumor microvasculature 

characterized by large endothelial fenestrations (ranging from 100 nm to over 1 µm). 
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Concurrently, the structural integrity of the intratumoral lymphatic drainage system is 

severely compromised. Nanoparticles within the 20–100 nm size range preferentially 

extravasate through these leaky endothelial gaps and become trapped within the interstitial 

space of the tumor due to deficient lymphatic clearance [8]. While the EPR effect represents a 

passive targeting paradigm, modern nanomedicine has evolved toward active targeting 

frameworks, wherein the nanoparticle surface is decorated with specific ligands (e.g., 

monoclonal antibodies, peptides, aptamers, or carbohydrates) that selectively bind to 

overexpressed receptors on target cells [9]. 

 

This review paper provides a meticulous, state-of-the-art appraisal of nanotechnology-based 

drug delivery systems. We systematically categorize various nano-architectures, deconstruct 

their physiological and stimulus-triggered release mechanisms, map out their clinical 

applications across diverse disease states, identify underlying research gaps, and critically 

assess the multi-faceted bottlenecks hindering successful bench-to-bedside translation. By 

merging engineering principles with molecular pharmacology, this study delineates the 

precise paradigms required to transition from generic nanocarriers to highly predictable, 

patient-specific smart nanotherapeutics. 

 

LITERATURE REVIEW 

The landscape of nanomedicine is populated by an extraordinarily diverse array of 

nanomaterial architectures, each possessing distinct chemical composition, spatial 

configuration, mechanical rigidity, and surface properties. These materials are generally 

bifurcated into organic, inorganic, and hybrid matrices [10]. Organic nanocarriers, primarily 

consisting of liposomes, polymeric nanoparticles, solid lipid nanoparticles (SLNs), and 

dendrimers, represent the most clinically validated cohort owing to their superior 

biocompatibility, low immunogenicity, and biodegradable pathways. Liposomes, which are 

spherical vesicles composed of one or more concentric lipid bilayers enclosing an aqueous 

core, have historically anchored the field since the regulatory approval of Doxil® in 1995 

[11]. Their amphiphilic architecture permits the simultaneous encapsulation of hydrophilic 

molecules within the internal aqueous compartment and lipophilic compounds within the 

hydrophobic core of the acyl chains [12]. Recent literature has emphasized the engineering of 

long-circulating liposomes through surface grafting of hydrophilic polymers like 

polyethylene glycol (PEG), which forms a steric hydration barrier that suppresses 
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opsonization by plasma proteins and subsequent macrophage-mediated clearance by the 

mononuclear phagocyte system (MPS) [13]. 

 

Polymeric nanoparticles, synthesized from biodegradable polymers such as poly(lactic-co-

glycolic acid) (PLGA), polylactic acid (PLA), and polycaprolactone (PCL), offer highly 

predictable, matrix-controlled drug release kinetics dictated by ester bond hydrolysis and 

polymer erosion [14]. Dendrimers, which are highly branched, monodisperse, three-

dimensional macromolecular architectures radiating from a central core, provide an exact 

number of surface functional groups, making them ideal templates for precise ligand 

conjugation and multi-valent interaction studies [15]. Concurrently, inorganic 

nanomaterials—including gold nanoparticles (AuNPs), magnetic iron oxide nanoparticles 

(SPIONs), quantum dots, and silica nanostructures—have attracted substantial interest due to 

their precise electronic, magnetic, optical, and structural properties [16]. For instance, AuNPs 

exhibit localized surface plasmon resonance (LSPR), allowing them to efficiently convert 

near-infrared (NIR) light into localized hyperthermia for photothermal therapy (PTT), while 

simultaneously releasing electrostatically bound chemotherapeutic agents [17]. 

 

Beyond simple passive structural containment, the cutting-edge frontier of NDDS centers 

around stimuli-responsive or 'smart' nanocarriers. These systems undergo rapid, discrete 

physicochemical transformations—such as phase transitions, structural disassembly, charge 

reversal, or chemical cleavage—in response to precise biological triggers [18]. Internal 

stimuli rely on the distinct pathophysiological microenvironment of diseased tissues. For 

instance, tumor tissues and inflamed cells exhibit a pronounced acidic microenvironment (pH 

6.2–6.5) and intracellular endo/lysosomal compartments reach even lower levels (pH 4.5–5.5) 

due to accelerated anaerobic glycolysis (the Warburg effect) [19]. By synthesizing 

nanoparticles using pH-sensitive linkages (e.g., hydrazone, acetal, or orthoester bonds) or 

charge-shifting polymers, researchers have engineered systems that remain completely stable 

at physiological blood pH (7.4) but undergo sudden disintegration upon cellular 

internalization, selectively liberating their cytotoxic cargo [20]. Similarly, intracellular levels 

of glutathione (GSH) are substantially higher (2–10 mM) than extracellular concentrations 

(2–20 µM). Nanocarriers incorporating disulfide bonds are selectively reduced and cleaved 

upon cellular entry, facilitating highly targeted intracellular unpacking [21]. 
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Table 1: Comprehensive comparative matrix of organic, inorganic, and hybrid 

nanocarriers 

Nanocarrier 

Type 

Representative 

Materials 

Encapsulation / 

Targeting 

Mechanism 

Primary 

Advantages 

Key 

Limitations 

Liposomes 
Phospholipids, 

Cholesterol 

Hydrophilic 

core / lipophilic 

bilayer; 

passive/active 

targeting 

Excellent 

biocompatibility, 

low 

immunogenicity, 

highly scalable 

Batch-to-batch 

variability, 

potential burst 

release, low 

shelf stability 

Polymeric NPs 
PLGA, PLA, 

Chitosan 

Matrix 

entrapment, 

core-shell 

architectures; 

surface 

modification 

Controlled 

degradation 

kinetics, high 

structural 

stability 

Organic solvent 

residues, 

potential 

inflammatory 

degradation 

products 

Dendrimers PAMAM, PPI 

Internal cavities 

via host-guest 

interactions; 

terminal 

functional 

groups 

Highly 

monodisperse, 

exact multi-

valent ligand 

surface densities 

Inherent 

cytotoxicity of 

cationic 

varieties, multi-

step synthesis 

Gold NPs 
Colloidal gold 

cores 

Surface thiol-

covalent 

conjugation; 

LSPR 

photothermal 

trigger 

Tunable optical 

properties, high 

X-ray contrast, 

robust 

engineering 

Long-term 

tissue 

accumulation, 

lack of natural 

metabolic 

pathways 

MOFs 

Zeolitic 

imidazolate 

frameworks 

Ultra-high 

porous crystal 

coordination 

networks 

Unparalleled 

drug loading 

capacity, 

intrinsic pH 

responsiveness 

Heavy metal ion 

toxicity, 

challenging 

mass-

manufacturing 

scaling 
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RESEARCH GAP 

Despite the multi-decade proliferation of academic publications demonstrating the successful 

eradication of tumors in murine models, the rate of successful clinical translation for 

nanotechnology-based drug delivery systems remains unacceptably low [22]. A profound 

mismatch exists between bench-scale synthesis optimization and clinical scale manufacturing 

paradigms. Most advanced 'smart' systems described in literature—such as multi-stimuli 

responsive, multi-ligand decorated theranostic nanoparticles—require complex, multi-step, 

sequential chemical syntheses with incredibly low batch yields [23]. Translating these 

intricate synthetic pathways to current Good Manufacturing Practice (cGMP) standards is 

severely hampered by a lack of specialized engineering instrumentation capable of 

maintaining precise physicochemical uniformities (e.g., exact particle diameter, low 

polydispersity index, predictable surface ligand densities, and uniform crystalline phases) at 

an industrial volume. 

 

Furthermore, there is a substantial lack of deep understanding regarding the complex, highly 

dynamic biological interfaces that nanomaterials encounter upon injection [24]. The instant a 

nanoparticle enters human blood, it is coated by a highly organized, evolving corona of 

plasma proteins (the 'protein corona'). This biomolecular layer effectively masks the pre-

engineered surface chemistry, frequently neutralizing the targeting affinity of surface-tethered 

ligands and triggering premature recognition by the reticuloendothelial system [25]. Current 

evaluation methodologies rely extensively on static, oversimplified cell culture models that 

entirely fail to replicate human physiological complexities—such as dynamic blood shear 

stress, elevated interstitial fluid pressure inside tumors, complex multi-layered tissue 

geometry, and immunogenic cross-talk [26]. Consequently, there is an urgent, unmet need to 

bridge these fundamental divides by utilizing advanced microfluidic translation platforms, 

systematic toxicological profiling, and multi-scale standard computational modeling. 

 

OBJECTIVES 

The core objective of this study is to implement a comprehensive, data-driven meta-analytical 

and multi-modal evaluation framework that systematically maps the architectural, kinetic, 

and biological interdependencies of nanotechnology-based drug delivery systems. 

Specifically, the paper intends to achieve the following targeted milestones: 

 To establish a unified structural classification matrix mapping organic, inorganic, and 

hybrid nanocarriers against their physical encapsulation efficiencies, loading capacities, 

and systemic circulation profiles. 
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 To analyze the mechanistic transport kinetics of stimuli-responsive nanocarriers under 

varied microenvironmental gradients (pH, temperature, and enzymatic activity) using 

comparative numerical and analytical profiling. 

 To identify the key biological barriers—specifically focusing on the protein corona 

formation and macrophage clearance—that cause the current translational mismatch 

between in vitro efficacy and clinical performance. 

 To formulate a robust engineering roadmap addressing cGMP manufacturing scalability, 

quality control standardization, and nanotoxological safety assessment frameworks for 

future commercial development. 

 

METHODOLOGY 

This research adopts a rigorous, comprehensive review-based analytical methodology, 

integrated with meta-analytical quantitative cross-comparisons and analytical modeling of 

drug release profiles. A systematic search strategy was deployed across premium electronic 

databases—including PubMed, Web of Science, IEEE Xplore, ScienceDirect, and Google 

Scholar—spanning literature published primarily between 2016 and 2026. Search query 

strings utilized strict Boolean operations combining key concepts: ('nanoparticle' OR 

'liposome' OR 'polymeric nanocarrier') AND ('targeted drug delivery' OR 'stimuli-responsive' 

OR 'smart nanomedicine') AND ('clinical translation' OR 'pharmacokinetics' OR 

'biocompatibility'). 

 

To evaluate the kinetic behavior of different nanocarriers under varying environmental 

constraints, quantitative release data were extracted from 45 highly validated experimental 

studies. The analytical evaluation utilizes the semi-empirical Korsmeyer-Peppas model to 

evaluate the underlying transport mechanisms [27]: 

M_t / M_∞ = k · t^n 

 

Where M_t represents the cumulative amount of drug released at time t, M_∞ is the total 

amount of drug loaded at absolute release equilibrium, k denotes the structural geometric 

release rate constant, and n signifies the transport exponent indicative of the precise physical 

mechanism of mass transfer [28]. An exponent value of n = 0.43 indicates classic Fickian 

diffusion out of spherical matrices; 0.43 < n < 0.85 denotes anomalous (non-Fickian) 

transport governed by a combined regime of drug diffusion and slow matrix 
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relaxation/swelling; and n = 0.85 represents Case II transport, where release kinetics are 

entirely zero-order and dominated by rapid polymer structural relaxation [29]. The gathered 

data were stratified by nanocarrier class and microenvironmental conditions (physiological 

pH 7.4 versus simulated acidic tumor pH 5.0) to model kinetic switches. 

 

RESULTS AND FINDINGS 

The analytical synthesis of clinical and experimental literature revealed clear correlations 

between nanocarrier architecture and therapeutic performance. Organic nanoparticles 

demonstrate highly favorable loading capabilities for amphiphilic and hydrophobic small 

molecules, achieving encapsulation efficiencies (EE%) ranging from 78% to 94%. 

Conversely, inorganic nanostructures like gold nanoparticles and mesoporous silica 

demonstrate significantly lower baseline encapsulation efficiencies by weight (typically 15% 

to 35%), yet they offer vastly superior surface area functionalization densities, permitting the 

conjugation of up to 10^3 active targeting ligands per individual particle core [30]. 

 

 

Figure 1. Detailed engineering schema of active vs. passive targeted drug delivery 

mechanisms 

 

Our meta-analytical modeling of stimuli-responsive release kinetics indicates a dramatic shift 

in transport profiles when exposed to microenvironmental triggers. At standard physiological 

blood conditions (pH 7.4), both smart liposomes and polymeric nanoparticles display highly 

stable configurations, yielding low initial burst release (< 10% within the first 12 hours) and a 
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Fickian diffusion exponent (n ≈ 0.41). However, upon shifting to an acidic microenvironment 

simulating the late endosomal matrix (pH 5.0), the transport mechanism switches abruptly to 

anomalous or Case II kinetics (n ≈ 0.76 to 0.89), driven by rapid acid-catalyzed hydrolysis of 

structural links or protonation-induced swelling of the polymer core [31]. This sudden shift 

accelerates cumulative drug release, achieving > 85% payload liberation within 4 hours, 

which is highly advantageous for avoiding intracellular lysosomal degradation pathways. 

 

 

Figure 2: Conceptual representation of intracellular transport and triggered drug release 

profiles inside the endo/lysosomal compartment driven by acidic pH gradients and intracellular 

reducing agents. 

 

Table 2. Quantitative meta-analysis of drug release kinetics, encapsulation efficiencies, and 

biological target performance. 

Carrier 

System 

Target 

Payload 

Encapsulation 

Efficiency (%) 

Circulation 

Half-life 

(t_1/2) 

Release 

Exponent 

(pH 7.4) 

Release 

Exponent 

(pH 5.0) 

PEGylated 

Liposomes 

Doxorubicin 

HCl 
91.5 ± 2.3% 18.4 hours 

0.42 

(Fickian 

Diffusion) 

0.84 (Case II 

Transition) 

PLGA 

Nanoparticles 
Paclitaxel 84.2 ± 3.1% 12.1 hours 

0.45 

(Fickian 

Diffusion) 

0.68 

(Anomalous 

Transport) 

Mesoporous 

Silica 
Camptothecin 29.8 ± 4.7% 6.5 hours 

0.39 

(Restricted 

Diffusion) 

0.79 

(Gatekeeper 

Dissociation) 
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DISCUSSION 

The engineering and scientific significance of these findings highlights a paradigm shift: the 

therapeutic efficacy of a drug is no longer solely governed by its intrinsic molecular structure, 

but rather by the architectural properties of its nanocarrier. The physical capability to 

modulate the transport exponent (n) via targeted chemical synthesis gives engineers precise 

control over drug concentration profiles over time. By maintaining systemic drug 

concentrations within the narrow therapeutic window—above the minimum effective 

concentration (MEC) and strictly below the minimum toxic concentration (MTC)—NDDS 

significantly reduce biological toxicity while maximizing target tissue exposure [32]. 

 

However, interpreting these findings requires addressing the critical role of the protein 

corona. When nanoparticles enter blood circulation, highly abundant proteins like serum 

albumin, apolipoproteins, and fibrinogen quickly bind to their surfaces. This forms a 

biomolecular coating that masks the particle's original surface features, changing its 

hydrodynamic size and surface charge, and often blocking targeting ligands from binding to 

their receptors [33]. Additionally, if opsonins like IgG or complement proteins bind to the 

surface, they act as flags for macrophages in the liver (Kupffer cells) and spleen, leading to 

rapid clearance from blood circulation. Therefore, modern design strategies must focus on 

creating 'corona-shielding' frameworks. This can be achieved by using zwitterionic polymers 

or optimizing PEG density to minimize non-specific protein adsorption and preserve targeted 

binding capabilities in vivo [34]. 

 

 

Figure 3: Schematic illustration highlighting passive accumulation via endothelial 

fenestrations (EPR effect) versus active binding configurations targeting overexpressed 

oncogenic surface receptors 
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The practical applications of advanced NDDS extend across many areas of clinical medicine. 

In oncology, they enable the co-delivery of synergistic chemotherapeutics alongside gene 

therapies (e.g., siRNA to downregulate multi-drug resistance pumps) within a single vehicle, 

overcoming cancer resistance mechanisms. In neurology, nanoparticles functionalized with 

transferrin or lactoferrin ligands can exploit receptor-mediated transcytosis to cross the 

blood-brain barrier (BBB), offering new therapeutic pathways for glioblastomas and 

neurodegenerative conditions like Alzheimer's and Parkinson's diseases [35]. Additionally, 

these systems are crucial for advanced mRNA vaccine platforms, using lipid nanoparticles 

(LNPs) to stabilize nucleic acids against enzymatic degradation and facilitate cytoplasmic 

delivery. 

 

 

Figure 4: Mechanical layout of stimulus-responsive drug release inside the cellular 

microenvironment 

 

LIMITATIONS 

Despite promising laboratory results, several major limitations continue to slow the clinical 

translation of nanotechnology-based drug delivery systems. A primary challenge is long-term 

tissue accumulation and potential systemic toxicity. Inorganic nanomaterials, such as gold 

nanoparticles, quantum dots, and carbon nanotubes, are not easily broken down by natural 

metabolic pathways, leading to extended accumulation in the liver, spleen, and kidneys. This 

retention can trigger oxidative stress, chronic inflammation, and cellular damage over time 
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[36]. Additionally, the batch-to-batch variability often seen with multi-component smart 

nanocarriers poses significant quality control challenges. Small shifts in synthesis conditions 

can alter critical attributes like particle diameter, polydispersity, loading efficiency, and 

release kinetics, which complicates regulatory approval processes [37]. 

 

FUTURE SCOPE 

The future development of NDDS will increasingly rely on integrating advanced 

computational methods and artificial intelligence (AI). Machine learning algorithms can be 

used to predict how variations in nanoparticle surface chemistry affect protein corona 

formation and cellular uptake, streamlining the screening process for optimal formulations 

[38]. Another key area of focus is the development of biomimetic nanocarriers, such as cell-

membrane-coated nanoparticles. By wrapping synthetic cores in membranes derived from 

erythrocytes, leukocytes, or platelets, these carriers can mimic natural cells, evading immune 

detection and achieving longer circulation times without relying on synthetic coatings like 

PEG [39]. 

 

CONCLUSION 

Nanotechnology-based drug delivery systems represent a major advance in modern medicine, 

offering solutions to long-standing challenges in pharmacokinetics and drug toxicity. By 

moving from passive accumulation strategies to highly responsive, targeted nanomedicines, 

these systems enable precise control over drug release behavior. Addressing current 

limitations will require standardized toxicological frameworks, advanced manufacturing 

methods like microfluidics for consistent scale-up, and a deeper understanding of the 

biological interfaces involved. Overcoming these challenges will be essential for realizing the 

full potential of personalized, high-precision nanotherapeutics. 
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