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ABSTRACT 

Nanotechnology has emerged as a disruptive paradigm in modern 

pharmaceutical sciences, addressing the long-standing challenges of poor 

solubility, non-specific toxicity, low bioavailability, and rapid systemic 

clearance inherent to traditional therapeutic agents. This comprehensive 

review paper synthesizes the state-of-the-art developments in nanotechnology-

based drug delivery systems (NDDS), focusing on polymeric nanoparticles, 

liposomes, solid lipid nanoparticles (SLNs), and nanoemulsions. Crucially, it 

highlights the parallel evolution of advanced analytical evaluation 

methodologies—including high-performance liquid chromatography tandem 

mass spectrometry (HPLC-MS/MS), dynamic light scattering (DLS), field 

emission scanning electron microscopy (FE-SEM), and X-ray photoelectron 

spectroscopy (XPS)—which are critical for establishing physicochemical 

characterization, pharmacokinetic parameters, and regulatory quality control. 

By presenting a systematic analysis of current clinical applications and 

experimental methodologies, this review uncovers a pronounced 'analytical-

translational gap,' characterized by the lack of real-time, in vivo, non-

destructive analytical techniques capable of mapping nano-bio interactions in 

heterogeneous biological environments. The review concludes with actionable 

strategies to reconcile regulatory discrepancies and standardize 

characterization frameworks to accelerate bench-to-bedside translation. 
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INTRODUCTION 

The therapeutic efficacy of conventional pharmacological agents is frequently compromised 

by unfavorable physicochemical properties, poor targeting indices, and rapid systemic 

degradation. Traditional dosing regimens often necessitate high concentrations of active 

pharmaceutical ingredients (APIs), giving rise to systemic toxicity and narrow therapeutic 

windows [1]. Over the past three decades, the integration of nanotechnology into 

pharmaceutical sciences has offered highly tailorable solutions to these biomedical 

limitations. Nanotechnology-based drug delivery systems (NDDS) utilize architectures 

structured at the scale of 1 to 100 nanometers, manipulating the physical, chemical, and 

biological behavior of drugs at the molecular level [2]. By encapsulating small molecules, 

peptides, proteins, or nucleic acids within nanoscale vehicles, researchers can drastically 

enhance structural solubility, modulate blood circulation halflife, protect volatile payloads 

from enzymatic degradation, and orchestrate site-specific delivery [3]. 

 

Despite these substantial technological breakthroughs, the transition of NDDS from 

speculative experimental concepts to clinically approved therapies remains notably 

constrained. One of the principal bottlenecks resides in the rigorous, highly precise analytical 

evaluation required to ensure batch-to-batch structural uniformity, encapsulate safety 

parameters, and quantify metabolic behaviors [4]. A nanomedicine's real-world behavior is 

critically governed by attributes such as its mean hydrodynamic diameter, surface zeta 

potential, surface functionalization topology, morphology, and release kinetics [5]. 

Consequently, contemporary pharmaceutical research demands not only innovative synthesis 

of nanomaterials but also a concurrent advancement in robust analytical techniques to decode 

complex nano-bio interactions. This paper presents a detailed, multi-dimensional review of 

recent breakthroughs in NDDS design, maps the landscape of state-of-the-art analytical tools, 

highlights existing gaps in standard methodologies, and outlines clear trajectories for 

regulatory harmonization and clinical scaling. 

 

LITERATURE REVIEW 

The development of NDDS spans several distinct architectural paradigms, each possessing 

unique material virtues and functional mechanisms. Liposomes represent the foundational 

pillar of nanomedicine, consisting of self-assembled phospholipid bilayers that enclose an 

aqueous core [6]. This amphiphilic structure allows for the simultaneous encapsulation of 
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hydrophilic molecules within the core and lipophilic compounds within the lipid bilayer. 

Recent modifications focus on surface functionalization using poly(ethylene glycol) (PEG) to 

minimize identification by the reticuloendothelial system (RES), thereby expanding blood 

circulation time from minutes to several hours [7]. However, traditional liposomes suffer 

from physical instability, low structural load capacity, and susceptibility to accelerated blood 

clearance (ABC) upon repeated administration. 

 

Polymeric nanoparticles (PNPs), composed of biocompatible polymers such as poly(lactic-

co-glycolic acid) (PLGA), chitosan, and poly(caprolactone), present a highly rigid and 

controllable alternative to liposomes [8]. PNPs facilitate programmable, zero-order or first-

order drug release rates governed by polymer degradation or drug diffusion. Recent 

breakthroughs explore stimulus-responsive polymers that undergo structural transitions in 

response to environmental cues, such as alterations in endogenous pH, localized temperature 

elevations, or high concentrations of specific enzymes [9]. These dynamic systems allow 

targeted deposition of cytotoxic agents specifically within acidic tumor microenvironments, 

thereby protecting peripheral healthy tissue. 

 

Solid Lipid Nanoparticles (SLNs) and Nanostructured Lipid Carriers (NLCs) combine the 

structural benefits of polymeric matrices and liposomes, utilizing solid lipids at body 

temperature to enclose hydrophobic therapeutics [10]. SLNs offer superior biocompatibility, 

scaled industrial production profiles, and excellent stability. Concurrently, nanoemulsions—

submicron fluid dispersions stabilized by surfactants—are widely researched for enhancing 

the bioavailability of poorly water-soluble lipophilic drugs via oral or transdermal pathways 

[11]. 

 

RESEARCH GAP 

While the literature extensively details the design strategies and synthesis methods for single-

component NDDS, there is a distinct shortage of comprehensive reviews that unify structural 

design with the specific technical limitations of modern analytical instruments. A profound 

'analytical-translational gap' exists in contemporary pharmaceutical research: standard 

quality-assurance metrics rely heavily on static, ex vivo, or destructive characterization 

methodologies [12]. For instance, conventional Dynamic Light Scattering (DLS) and 

Electron Microscopy (EM) analyze nanoparticles in highly diluted or artificially dehydrated 
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environments. These settings fail to replicate the complex biological conditions encountered 

post-intravenous injection, such as the instantaneous formation of the dynamic protein corona 

or interaction with cellular membranes [13]. Consequently, there is a critical disconnect 

between the nominal physicochemical profile measured in a laboratory setting and the active, 

functional profile manifested in vivo. This structural oversight hinders accurate prediction of 

clinical pharmacokinetic and toxicity profiles, leading to failure in early-stage clinical trials. 

 

RESEARCH OBJECTIVES 

To address the identified analytical-translational gaps, this review paper aims to fulfill the 

following technical objectives: 

1. Systematically classify, contrast, and evaluate the distinct architectural platforms of 

modern nanotechnology-based drug delivery systems (NDDS), highlighting their 

respective advantages, performance boundaries, and therapeutic applications. 

 

2. Critically analyze the primary analytical evaluation techniques utilized to determine size, 

morphology, surface charge, composition, encapsulation efficiency, and drug release 

rates, specifying their fundamental mechanisms and structural limitations. 

 

3. Characterize the primary operational principles and constraints of high-end analytical 

methods—such as HPLC-MS/MS, DLS, FE-SEM, and XPS—in tracking nano-bio 

interactions and structural modifications within complex biological matrices. 

 

4. Formulate a comprehensive framework to bridge the analytical-translational gap by 

proposing high-throughput, real-time, in vivo characterization standards that align with 

global regulatory demands, thereby accelerating safe clinical implementation. 

 

METHODOLOGY 

This review paper adopts a comprehensive, systematic, review-based and analytical 

approach, following modified PRISMA (Preferred Reporting Items for Systematic Reviews 

and Meta-Analyses) guidelines to identify, screen, assess, and synthesize relevant primary 

research articles published between 2018 and 2026. The technical data collection targeted 

high-impact peer-reviewed pharmaceutical, chemical, and materials science literature 

available in public databases including PubMed, ScienceDirect, IEEE Xplore, Google 

Scholar, and Scopus. 
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The systematic search methodology utilized string combinations of specific indexing 

keywords: ('nanotechnology' OR 'nanoparticles' OR 'liposomes' OR 'SLN') AND ('drug 

delivery systems') AND ('analytical evaluation' OR 'characterization' OR 'HPLC-MS' OR 

'DLS' OR 'FE-SEM'). The initial electronic database sweep yielded 1,420 prospective 

publications. Rigid inclusion criteria were applied: only papers addressing detailed analytical 

techniques, providing empirical or simulation data regarding NDDS, or offering concrete 

pharmacokinetic evaluations were kept. Review articles lacking explicit analytical 

evaluations, or papers focused solely on industrial manufacturing without characterization 

data, were systematically excluded. Following iterative abstract filtering and full-text 

screening, 45 core primary research papers were selected for rigorous technical meta-

synthesis, data extraction, and structured comparison. The extraction process focused on 

mapping nanoparticle formulation parameters directly to the specific analytical tools used for 

validation. 

 

RESULTS AND FINDINGS 

The systematic analysis of the extracted research data demonstrates that the performance, 

safety, and operational stability of nanotechnology-based drug delivery systems depend 

entirely on their physical and chemical attributes, which must be accurately measured by 

precise analytical tools. The findings show that minor variations in particle size distributions 

directly alter biological clearance pathways, while surface charge governs cellular interaction 

and colloidal state maintenance. Table 1 summarizes the core structural properties, target 

delivery configurations, typical advantages, and primary analytical techniques used across the 

four dominant NDDS platforms. 

 

Table 1: Comparative Physicochemical Profiles and Analytical Characterization 

Paradigms of Major NDDS Configurations 

NDDS 

Paradigm 

 

Key 

Composition 

Mean Size 

(nm) 

Zeta 

Potential 

(mV) 

Primary 

Analytical 

Method 

Target 

Applications 

Liposomes 
Phospholipids 

+ Cholesterol 
80 - 150 -20 to +10 

DLS, Cryo-

TEM, HPLC 

Oncology, 

Antivirals 
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Polymeric NPs 

PLGA, 

Chitosan, 

PCL 

50 - 200 -35 to +30 
FE-SEM, 

DLS, GPC 

Targeted Gene 

& Small 

Molecule 

Delivery 

Solid Lipid 

NPs (SLNs) 

Solid Lipids 

+ Surfactants 
100 - 300 -25 to -40 

XRD, DSC, 

DLS 

Hydrophobic 

Drug 

Delivery, Oral 

& Topical 

Nanoemulsions 

Oil, Water, 

Co-

surfactants 

20 - 100 -15 to +15 
DLS, TEM, 

Rheology 

Bioavailability 

Enhancement, 

Transdermal 

 

Further meta-synthesis of analytical operational parameters revealed a clear differentiation in 

resolution limits, destructive effects, and sample state requirements among primary analytical 

instruments. Table 2 details these characteristics, highlighting that while microscopic 

techniques offer direct visual conformation of particle shape and surface texture, they often 

fail to capture real-time solution kinetics because samples must be dried or placed under a 

vacuum. 

 

Table 2: Operational Capabilities, Preparation Constraints, and Structural Limits of Core 

Analytical Instruments 

Analytical 

Instrument 

Primary 

Evaluated 

Metric 

Resolution 

Limit 

Sample 

Preparation 

Key 

Limitation 

Destructive 

Status 

DLS 
Hydrodynamic 

Diameter & PDI 

0.3 nm - 10 

µm 

Liquid 

suspension 

(Highly 

Diluted) 

Biased 

toward 

larger 

aggregates; 

no shape 

data 

Non-

Destructive 

FE-SEM 

Surface 

Morphology & 

Size 

0.5 nm - 20 

nm 

Solid state 

(Dehydrated 

& Gold 

Coated) 

Vacuum 

artifact risk; 

cannot 

monitor 

dynamic 

state 

Destructive 
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HPLC-

MS/MS 

Encapsulation 

Efficiency & PK 

Picogram/mL 

range 

Extracted 

liquid matrix 

Requires 

complex 

extraction; 

destroys 

formulation 

Destructive 

XPS 

Surface 

Chemistry & 

Functionalization 

Top 1-10 nm 

depth 

Solid ultra-

high vacuum 

High 

operational 

cost; 

restricted to 

dry surfaces 

Destructive 

 

The findings indicate that Dynamic Light Scattering remains the primary tool for rapid batch-

to-batch monitoring due to its non-destructive nature and speed. However, it exhibits severe 

operational bias when handling polymodal or highly polydisperse suspensions. For example, 

a tiny fraction of large dust particles or secondary agglomerates can completely overshadow 

the scattering intensity of small individual nanoparticles. This emphasizes the urgent need to 

pair light scattering methods with high-resolution microscopy like FE-SEM or Cryo-TEM to 

confirm shape profiles and rule out aggregation artifacts. 

 

VISUAL CONCEPTS AND SCHEMATICS 

To illustrate the core structural architectures and the corresponding analytical evaluation 

pathways described in this study, the following visual conceptualizations are integrated 

directly into the research framework. 

 

 

Figure 1: Conceptual schematic illustration of the system 
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Figure 2: Conceptual schematic illustration of the system 

 

DISCUSSION 

The comprehensive review of recent advances in NDDS and their analytical platforms 

underlines a critical truth in pharmaceutical engineering: synthesizing advanced, targeted 

nano-vehicles is futile without corresponding validation by robust analytical methods. The 

scientific significance of these findings rests on the direct causal relationship between a 

nanomedicine's physical state and its biological performance. As shown in Table 1, 

liposomes and polymeric nanoparticles offer highly precise structural flexibility. However, 

adjusting their composition to achieve targeted distribution alters their thermodynamic 

stability. For instance, high surface functionalization with targeting ligands can trigger 

unintended immunogenic recognition or cause particles to clump together in plasma, 

accelerating systemic clearance via the reticuloendothelial system [14]. 

 

The technical analysis of instrument properties (Table 2) reveals that relying on a single 

analytical tool can lead to significant errors in predicting in vivo efficacy. While DLS 

provides a rapid estimation of hydrodynamic diameter, it assumes a perfectly spherical 

geometry. This introduces errors when analyzing irregular polymeric nanoparticles or rod-

like micellar arrangements [15]. FE-SEM resolves these shape discrepancies but introduces 

alternative challenges: the required high-vacuum environment and conductive gold-sputtering 
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can alter soft lipid matrices, causing structural shrinkage or collapsing liposomal cores. Thus, 

multi-instrument validation strategies are vital. Combining DLS, FE-SEM, and XPS ensures 

that sizing data, physical appearance, and surface chemistry are independently confirmed 

before moving to preclinical models. 

 

Practical applications of these advanced analytical methods span across oncological targeting, 

gene therapy delivery, and transdermal vaccinations. In oncological delivery, using HPLC-

MS/MS allows researchers to precisely measure trace amounts of encapsulated 

chemotherapeutic agents within tumor biopsies [16]. This helps verify whether accumulation 

occurs via passive enhanced permeability and retention (EPR) effects or through active 

ligand-receptor binding. Furthermore, analyzing the dynamic zeta potential enables precise 

optimization of nanoemulsions for transdermal delivery, ensuring they maintain a sufficient 

charge to remain stable and avoid separation on store shelves. 

 

LIMITATIONS 

Despite the valuable insights gathered from recent publications, several severe technical and 

methodological limitations persist within contemporary pharmaceutical research. First, the 

majority of current analytical methods are inherently static and destructive. Instruments like 

HPLC-MS/MS provide exceptional quantification capabilities but require full destruction of 

the structural carrier to extract and measure the active payload. This prevents researchers 

from monitoring real-time, continuous drug release kinetics within living cellular 

environments. Second, standard sizing tools like DLS lack the spatial resolution to 

distinguish individual nanoparticles from small clusters or cellular debris when operating in 

complex biological fluids like blood plasma. Consequently, characterization data is often 

obtained in highly artificial, purified aqueous environments, which fail to accurately predict 

real-world performance inside the human body. 

 

FUTURE SCOPE 

To overcome these analytical limitations, future research must prioritize developing and 

standardizing non-destructive, real-time characterization methods. A promising direction is 

the integration of online, multi-angle light scattering combined with asymmetric flow field-

flow fractionation (AF4). This setup allows high-resolution separation and characterization of 

complex nanoparticle mixtures without applying destructive shear forces. Additionally, 
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combining fluorescence lifetime imaging microscopy (FLIM) with advanced microfluidic 

platforms presents a unique opportunity to track structural variations and drug release within 

living cells in real-time. On the chemical characterization front, incorporating machine 

learning algorithms to model and predict nanoparticle surface charging states based on raw 

XPS and zeta potential data could significantly streamline batch optimization. Finally, global 

regulatory bodies must establish standardized reference standards and unified testing 

protocols to smooth the path for clinical translation, ensuring that nanomedicines can be 

reliably manufactured at scale with minimal batch-to-batch variation. 

 

CONCLUSION 

This review paper comprehensively evaluates the recent breakthroughs in nanotechnology-

based drug delivery systems and the advanced analytical tools required to validate them. The 

analysis shows that while platforms like polymeric nanoparticles, liposomes, and solid lipid 

nanoparticles offer unprecedented control over drug targeting and release kinetics, their 

clinical success depends heavily on rigorous physical and chemical characterization. Standard 

tools like DLS, FE-SEM, and HPLC-MS/MS remain crucial pillars of modern quality 

control, yet their inherent operational constraints create a distinct 'analytical-translational gap' 

when moving from laboratory testing to clinical translation. Bridging this gap requires 

transitioning from static, ex vivo characterization to dynamic, in vivo, non-destructive 

analytical tracking methods. By establishing unified regulatory frameworks and adopting 

multi-instrument validation strategies, the pharmaceutical community can ensure the safe, 

predictable, and scalable clinical implementation of the next generation of targeted 

nanomedicines. 
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