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Abstract

Polymeric nanoparticles (PNPs) are versatile colloidal carriers (1—1000 nm) that encapsulate or adsorb active
agents within nanospheres or nanocapsules, enabling targeted delivery, controlled release, and enhanced
bioavailability. This review synthesizes current production methods such as nanoprecipitation, emulsification—
solvent evaporation, salting-out, dialysis, and supercritical fluid techniques highlighting their relative
advantages for scalability, encapsulation efficiency, and payload stability. It surveys key characterization tools,
including dynamic light scattering (DLS), transmission and scanning electron microscopy (TEM/SEM), atomic
force microscopy (AFM), zeta-potential analysis, Fourier transform infrared spectroscopy (FTIR), differential
scanning calorimetry (DSC), and X-ray diffraction (XRD), and explains how these techniques inform particle
size distribution, morphology, surface chemistry, crystallinity, thermal behavior, and drug polymer interactions.
The review also examines metrics of performance association/encapsulation efficiency, loading capacity, and in
vitro release kinetics and links formulation variables to release mechanisms (diffusion, degradation, swelling,
and erosion). Given growing clinical and industrial interest, toxicological and ecotoxicological considerations
are discussed, emphasizing nanoparticle biodistribution, cellular uptake, oxidative stress, and environmental
persistence, alongside gaps in standardized safety testing and regulation. Finally, the paper outlines future
priorities: green and scalable synthesis, robust in-vitro or in-vivo correlation models, advanced multimodal
characterization, and harmonized safety and lifecycle assessments to accelerate responsible translation of
polymeric nanoparticles into therapeutic and environmental applications.
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I. Introduction

Polymeric nanoparticles (PNPs) constitute a versatile class of colloidal carriers with sizes typically
ranging from 1 to 1000 nm, capable of encapsulating or adsorbing therapeutic, diagnostic, or functional
payloads within nanospheres or nanocapsules [1][2][3]. Their small size and tunable surface chemistry permit
enhanced cellular uptake, prolonged circulation, and controlled release profiles, which together improve
therapeutic index and reduce off-target toxicity in a wide range of biomedical applications, including oncology,
infectious disease, and central nervous system disorders [4]. Advantages of polymeric NPs as drug carriers
include their potential use for controlled release, the ability to protect drug and other molecules with biological
activity against the environment, improve their bioavailability and therapeutic index Key production methods
notably nanoprecipitation, emulsification solvent evaporation, salting-out, dialysis, and supercritical fluid
techniques offer complementary trade-offs between encapsulation efficiency, particle uniformity, solvent use,
and scalability, and recent process intensification strategies (e.g., flash nanoprecipitation) have improved
reproducibility and size control for hydrophobic payloads[5][6].

Comprehensive characterization is essential to predict in-vivo behavior and regulatory acceptance.
Dynamic light scattering (DLS) and zeta-potential measurements provide rapid metrics of hydrodynamic size
and colloidal stability, while TEM/SEM and AFM reveal core morphology and surface topology; spectroscopic
and thermal methods (FTIR, DSC, XRD) elucidate drug—polymer interactions, crystallinity, and thermal
stability, which directly influence release kinetics and shelf life. Integrating orthogonal techniques yields robust
particle fingerprints that correlate with encapsulation efficiency, loading capacity, and release mechanisms
(diffusion, degradation, swelling, erosion) [7][8].

Performance metrics such as encapsulation efficiency (EE) and drug loading are highly
formulation-dependent: polymer type, molecular weight, solvent selection, and process parameters (mixing rate,
surfactant concentration, polymer: drug ratio) can shift EE and release profiles substantially [9][10]. Recent
studies demonstrate that optimized nanoprecipitation and electrohydrodynamic mixing can maximize EE for
hydrophobic drugs, while supercritical fluid methods reduce residual solvent and improve payload stability for

DOI: 10.9790/5736-1903012331 www.iosrjournals.org 23 |Page



Decoding Polymeric Nanoparticles: Modern Characterization Approaches

sensitive actives [11][12].

As clinical and industrial interest grows, toxicological and ecotoxicological considerations have
become central [13]. Evidence indicates that nanoparticle biodistribution, cellular internalization pathways, and
oxidative-stress responses depend on size, surface charge, and degradation products; environmental persistence
and potential trophic transfer also require lifecycle level assessment. Regulatory guidance and standardized
testing protocols are still evolving, creating an urgent need for harmonized assays that link in-vitro endpoints to
in-vivo outcomes [14].

This review synthesizes contemporary production strategies and characterization workflows, links
formulation variables to functional performance, and highlights safety and sustainability priorities. Emphasis is
placed on green and scalable synthesis, multimodal characterization, and in-vitro or in-vivo correlation (IVIVC)
frameworks to accelerate responsible translation of polymeric nanoparticles into therapeutic and environmental
applications [15][16][17].

Polymeric Nanoparticles

"~ Drug Drug -~ 4

Nanocapsule Nanosphere

Figure 1: Structure of nanocapsules and nanospheres

Characterization of Polymeric Nanoparticles

Polymeric nanoparticles (PNPs) exhibit a wide range of physical properties including variations in
composition, concentration, size, shape, surface charge, crystallinity, and dispersion state that critically
influence their biological behavior and functional performance. To achieve comprehensive characterization,
researchers employ a suite of analytical techniques tailored to assess these parameters. Commonly used
methods include electron microscopy (e.g., TEM and SEM) for morphological analysis, dynamic light
scattering (DLS) or photon correlation spectroscopy (PCS) for particle size distribution and polydispersity,
near-infrared spectroscopy for chemical profiling, electrophoresis for surface charge and mobility, and
chromatographic techniques for purity and drug polymer interaction studies [18]. Together, these tools provide
a multidimensional understanding of nanoparticle structure, stability, and functionality, which is essential for
optimizing formulation and ensuring reproducibility in therapeutic applications [ [19]. Polymeric NPs
characterization is very important, in terms of its applicability, but also to ascertain issues concerning
nanotoxicology and exposure assessment in workplaces, which are important to assess their health and safety
hazards, as well as to control manufacturing processes [20].

II.  Morphology
Scanning and transmission electron microscopy (SEM and TEM) are widely employed to characterize
the size and shape of polymeric nanoparticles (NPs). These techniques are often coupled with cryofracture
methods to enable detailed morphological analysis. Among them,
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Table 1: Characterization Techniques for Polymeric Nanoparticles

. Key Information o . . N
Technique Provided Strengths Limitations Typical Applications
Surface . . -

Atomic Force morphology, . H}gh—resolut'lon SD. Llrplted field of Differentiating nanospheres
. . imaging; works in ambient view; slower . :
Microscopy roughness, particle .2 . ’ . L ; vs. nanocapsules; studying

. . or liquid environments; imaging; tip artifacts
(AFM) height, mechanical L . drug release surface changes
. minimal sample prep possible
properties
Transmission Ultra-high resolution; Requires thin L
Internal structure, . samples; vacuum Visualizing nanocapsule
Electron - . reveals internal . R
X crystallinity, particle environment; cores; drug distribution inside
Microscopy size morphology and polymer- ossible sample olymer matrices
(TEM) drug distribution p P poly
damage
Scanning Electron External . . . Requlr_es conductive Assessing particle
. morphology, High resolution; wide field coating; vacuum . . .
Microscopy . o . - . uniformity, aggregation, and
(SEM) particle shape, of view; rapid imaging environment; limited surface topology
surface texture internal detail
Sensitive to
sy Hydrodynamic size, Rapid, non-destructive; aggregates; assumes Routine size distribution
Dynamic Light X o . . ! X . . o
. polydispersity index suitable for colloidal spherical particles; analysis; monitoring stability
Scattering (DLS) - . . .
(PDI) suspensions provides average 1n suspension

size only

TEM is particularly valuable, as it can differentiate between nanocapsules and nanospheres and also
determine the thickness of the nanocapsule wall [21]. Nanospheres have a spherical shape, with a solid
polymeric structure, whereas nanocapsules are formed by a thin (about 5 nm) polymeric envelope around the
oily core. Another technique that has been used to characterize the surface morphology of polymeric NPs is
atomic force microscopy (AFM) and others shown in table [22]. It provides information with high resolution in
three dimensions, and in a nanometric scale, while it is also able to resolve surface details at an atomic level
[23]. Application of this technique revealed a complex surface topography of the nanoparticles. Furthermore,
analysis of sample cross-sections indicated the presence of small cavities and pores within the structure [6].

Particle Size Distribution

Polymeric nanoparticles typically range from 100-300 nm in size. An ideal system shows low
polydispersity with a unimodal distribution. Smaller particles (60—70 nm or <50 nm) can also be produced
depending on the synthesis method [24]. The nanoparticle size can be measured by using different techniques,
the most commonly used being the dynamic (DLS) and static (SLS) light scattering, but TEM, SEM and AFM
are also oftenly used [25]. Size measurements vary depending on the technique used. Electron microscopy
provides direct images of isolated particles, while dynamic light scattering (DLS) measures the hydrodynamic
radius of particles in suspension. DLS complements TEM by detecting larger sizes and offering insight into
nanoparticle aggregation in solution through changes in size distribution [26]. The size of polymeric
nanoparticles is affected by several factors, including their qualitative and quantitative composition. For
instance, in nanocapsules, the nature of the core oil plays a key role in determining particle diameter, as
variations in viscosity, hydrophobicity, and interfacial tension between phases influence particle formation.
Additionally, higher drug loading can increase the average particle size and lead to a broader size distribution

[61[7].

Table 2: Particle Size Distribution of Polymeric Nanoparticles

Aspect

Details

Typical Size Range

100-300 nm (mean diameters); smaller particles ~60—70 nm or even <50 nm can be obtained
depending on method.

Desired Distribution

Low polydispersity (ideally near zero); unimodal size distribution preferred for
reproducibility and stability.

Dynamic Light Scattering
(DLS)

Measures hydrodynamic radius of particles in suspension; rapid, non-destructive; detects
aggregation state. Limitation: assumes spherical particles, sensitive to polydispersity.

Static Light Scattering (SLS)

Provides complementary size distribution data; useful for larger particles; less sensitive to
small aggregates compared to DLS.

Transmission Electron
Microscopy (TEM)

High-resolution imaging of isolated particles; reveals internal morphology. Limitation:
sample preparation in vacuum; may not represent hydrated state.

Scanning Electron
Microscopy (SEM)

External morphology and surface texture; wide field of view. Limitation: requires conductive
coating; no hydrodynamic information.

Atomic Force Microscopy
(AFM)

Surface morphology and particle height; works in ambient or liquid environments. Limitation:
slower imaging, limited field of view.

Factors Influencing Size

Polymer composition and concentration (affects viscosity and matrix formation).
Nature of oil in nanocapsules (viscosity, hydrophobicity, interfacial tension).
Drug loading amount (higher drug content may increase particle diameter and broaden
distribution).
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Chemical Composition And Crystal Structure

Chemical composition refers to the atomic elements of which a nanoparticle is composed, as well as
compounds native or formed functional groups, and it can be measured in an ensemble or single-particle
elemental analysis method. One of the most common ensemble techniques used is atomic absorption
spectroscopy which is based on the principle of atomic absorption, where ground state electrons of the atoms
jump to an excited state by absorbing a certain quantity of energy from light at a specific wavelength [27]. The
absorbed energy depends on the type and number of atoms in the light path, allowing sample mass
concentration to be determined by comparison with calibration standards. Time-of-flight mass spectrometry
(TOFMS) is commonly used to analyze the chemical composition of single particles by ionizing analytes with
minimal fragmentation and separating them based on their time of flight [28]. The atomic arrangement within a
nanoparticle can be either crystalline or amorphous, depending on its synthesis conditions and material
composition. To determine crystal structure, researchers commonly use powder X-ray diffraction (XRD) and
selected area electron diffraction (SAED) via transmission electron microscopy (TEM). XRD is ideal for bulk
analysis but typically requires milligram to gram-scale quantities of sample material. In contrast, SAED enables
single-particle crystallographic analysis, making it especially valuable for characterizing nanoscale domains and
heterogeneous samples where material availability is limited [29][30][31].
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Figure 2: Chemical composition and analysis of nanoparticle.

Molar Mass Distribution of the Polymer

Determining the molar mass distribution of the polymer after preparation helps assess how formulation
components affect the polymerization process, identify possible interactions between the drug and polymer, and
evaluate any degradation of the polymer matrix ]32]. The most commonly used technique for determining the
polymer molar mass distribution is size-exclusion chromatography (SEC) [33][34]. In addition to dynamic
techniques, static light scattering (SLS) has been employed to evaluate the intensity of light scattered by
polymeric nanoparticles. Unlike DLS, which measures fluctuations in scattered light over time to determine
particle size in suspension, SLS analyzes the angular distribution of scattered light to infer structural and
compositional attributes. This method offers valuable insights into particle uniformity and aggregate formation,
especially when used alongside other optical and imaging techniques [26].

Surface Area and Chemistry

The surface area of nanoparticles is important as it affects their reactivity and interactions with ligands.
Various techniques assess different aspects of surface area. A direct method involves measuring the adsorption
of an inert gas (e.g., N2) onto the particle surface under controlled pressures to form a monolayer coverage [35].
The number of gas molecules that is necessary to form a monolayer and the cross-sectional area of the adsorbate
gas molecule is related to the “total surface area”. This method is also used to evaluate morphology of porous
materials, as the gas also binds to internal pores and crevices [36]. Surface chemistry refers to the elemental or
molecular chemistry of a particle surface. For nanoparticles, a higher proportion of atoms are on their surfaces,
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(due to higher area/volume ratio) and these atoms are in direct contact with solvents and influence their
interactions with other molecules [37]. Some nanoparticles, such as nanocapsules have a core-shell structure, in
which the outer surface atoms are different from those of the interior core. Multiple techniques are available to
characterize nanoparticle surface chemistry, for example X-ray photoelectron spectroscopy and secondary ion
mass spectroscopy [38].

Table 3: Surface Characterization Techniques for Nanoparticles

Technique Principle Sample Strengths Limitations Applications
Requirement
Gas Adsorption Adsorption of inert | Requires bulk Provides total Cannot Measuring
(BET Method) gas (e.g., N2) to powder surface area distinguish surface area,
form a monolayer; sample (mg—g including pores; external vs. porosity,
calculates surface scale) widely internal surfaces; morphology of
area from gas standardized requires dry porous
uptake samples nanoparticles
X-ray Measures binding Requires thin Elemental Surface-sensitive Surface
Photoelectron energies of films or composition and only; requires chemistry,
Spectroscopy photoelectrons nanoparticle chemical states of vacuum; limited oxidation states,
(XPS) emitted by surface coatings outermost layers depth profiling ligand binding
atoms (~5-10 nm)
Secondary Ion Bombards surface Requires solid High sensitivity; Destructive; Molecular and
Mass with ions, analyzes sample; detects trace complex spectra; elemental surface
Spectrometry ejected secondary minimal elements and requires chemistry,
(SIMS) ions preparation functional groups calibration functional group
analysis
Electron Imaging with Small sample Direct Limited chemical Morphology,
Microscopy electron or atomic amounts; visualization of info; requires surface texture,
(TEM/SEM/AF probes TEM requires morphology, vacuum nanoparticle
M) thin sections topology, (TEM/SEM); aggregation,
roughness slower imaging roughness
(AFM)

Zeta Potential

The zeta potential ({) reflects the surface charge of the particles, which is influenced by changes in the
interface with the dispersing medium, due to the dissociation of functional groups on the particle’s surface or
due to the adsorption of ionic species present in the aqueous dispersion medium as well as the solvation effect
[39]. The zeta potential of nanoparticles is typically determined using Doppler based techniques that measure
particle velocity under an applied electric field. From this velocity, the electrophoretic mobility of the particles
in a given solvent is calculated, which is then used to derive the zeta potential. This parameter provides critical
insight into colloidal stability and particle solvent interactions [31][40]]. Phospholipids, poloxamers, and
polymers are the main components of polymeric NPs and, once present in formulations, are capable of
influencing the zeta potential. A relatively high zeta potential value, considered as [+ 30 mV|, is important for
good physicochemical stability of the colloidal suspension, as large repulsive forces tend to prevent aggregation
due to occasional collisions with adjacent nanoparticles [31]. The zeta potential determination is useful in
elucidating the mechanism of association of drugs with nanoparticles [39][41]. The zeta potential of NPs can
thus be tailored for a specific application, by introducing surfactants or other coatings onto the NPs surface,
such as poly-ethylene-glicol (PEG) of varying molecular weights [21][42].
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Figure3: Zeta potential and nanoparticles.
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pH of Suspensions

Monitoring pH over time provides valuable insights into the stability of nanoparticulate suspensions.
Fluctuations in pH may signal polymer degradation, often linked to changes in surface protonation. For
instance, Calvo et al. reported a decline in molar mass and pH in nanocapsule and nanosphere formulations after
six months of storage. Short-term pH drops can also result from the ionization of carboxylic groups within the
polymer, releasing protons into the medium an effect influenced by the polymer’s hydrophobicity [7].
Moreover, pH directly affects the zeta potential and thus the electrostatic stability of the formulation. Given its
role in surface charge modulation and colloidal behavior, pH monitoring is essential for understanding
nanoparticle interactions and long-term formulation integrity [43].

Stability of Polymeric NPs Suspensions

Colloidal suspensions typically resist phase separation for several months because submicrometric
particles sediment slowly and Brownian motion counteracts settling. Nevertheless, particle agglomeration and
eventual sedimentation can develop over time, leading to gradual loss of homogeneity and stability [44].
Several factors can influence the stability of colloidal suspensions, such as the adsorption of active molecules
on the surface of the nanoparticles and the presence of adsorbed surfactants. Some physicochemical parameters
that can be used to monitor the stability of polymeric colloidal suspensions are particle size, zeta potential,
polymer molar mass distribution, drug content, and pH [45]. However, industrial application of polymeric NPs
dispersed in aqueous media can be limited due to problems of low physicochemical stability, in prolonged
storage periods [46]. The main limitations are the particle aggregation, the polymer chemical stability, the drug,
or other raw materials used during NPs production and also the premature release of the active substance. In
addition, it is important to emphasize that liquid dosage forms are prone to microbial proliferation with the need
to add preservatives [47]. In order to delay or avoid these physicochemical and microbiological problems,
drying, such as lyophilization (freeze-drying) or spray drying is usually recommended. Lyophilization consists
of removing water through sublimation and has been widely used for drying nanosphere suspensions [48].
Spray drying offers an alternative to lyophilization for stabilizing nanoparticles formed from solid lipids. The
process atomizes the liquid feed into fine droplets that enter a drying chamber where hot air operated in
co-current, counter-current, or mixed flow rapidly removes solvent, yielding dry solid particles. The dried
material is then separated and collected as fine powders, granules, or agglomerates, improving storage stability
and handling compared with liquid suspensions [49][50].

Determination of the Drug Association

Determining the fraction of drug associated with nanoparticles is challenging because the small
particle size complicates separation of free and bound drug [51]. A common approach is ultracentrifugation:
after centrifugation, the free drug is quantified in the supernatant, while the total drug is measured by fully
dissolving a portion of the nanoparticle sample; the associated drug is obtained by subtracting the free
concentration from the total [52][53]. An alternative is ultrafiltration-centrifugation, which uses a membrane to
separate part of the aqueous phase from the colloidal suspension; the free drug is measured in the ultrafiltrate
and the associated fraction is again calculated as the difference between total and free drug concentrations [52].
According to published studies, several factors may influence the amount of drug associated with
nanostructured systems, such as: physicochemical characteristics of the drug, pH of the medium, NPs surface
characteristics or nature of the polymer, the amount of drug added to the formulation, the order of addition of
drug to the formulation (before or after the formation of nanostructures), nature of the oil used (in the case of
nanocapsules), as well as the type of surfactant adsorbed to the polymeric surface [54][55][56]. Altering the
surface properties of nanoparticles can influence the rate of drug adsorption, even at the same initial drug
concentration. This factor is crucial for controlling and prolonging drug release. Hence, studying the drug
adsorption isotherm is important, as it reveals how the drug is distributed on the nanoparticle surface and its
binding capacity [55]. In nanospheres, drugs may be dissolved, dispersed within the polymer matrix, or
adsorbed onto the surface. In contrast, nanocapsules are designed to enhance the loading of lipophilic drugs,
which are typically encapsulated within an oily core surrounded by a polymeric shell [7].
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Figure 4: Drug association with nanospheres and nanocapsules.

Pharmaceutical In Vitro Release Kinetics

Drug release from polymeric nanoparticles is governed by several mechanisms, often acting
concurrently: desorption of drug from particle surfaces, erosion of the polymeric matrix, diffusion of drug
through a nanosphere matrix or across the polymeric shell of nanocapsules, or combinations of diffusion and
erosion [31][1].

Common in vitro methods to characterize release include dialysis (diffusion from dialysis bags) and
separation-based approaches such as ultracentrifugation, low-pressure filtration, and
ultrafiltration-centrifugation [57]. For nanospheres, release profiles frequently follow an exponential
(first-order) pattern, consistent with drug diffusion out of the polymer matrix and/or matrix erosion [31][58]. In
contrast, when a drug is dissolved in the oily core of a nanocapsule, release is controlled by diffusion through
the polymeric wall and can approximate zero-order kinetics [59].

Calvo et al. observed that release profiles from nanocapsules resembled those from nanoemulsions,
suggesting that, in some systems, the polymeric shell may not significantly impede release; instead, release is
dominated by the partitioning of drug between the oil droplets and the external aqueous phase [42].

III.  Conclusions

Polymeric nanoparticles (PNPs) offer a versatile platform for drug delivery, where formulation choices
(polymer type and molar mass, solvent and process parameters, core oil and surfactant selection, drug loading
and order of addition) and production methods (nanoprecipitation, emulsification, supercritical fluids, etc.)
critically determine encapsulation efficiency, particle size and uniformity, surface chemistry, and release
behavior; comprehensive, orthogonal characterization (DLS, zeta potential, TEM/SEM/AFM, spectroscopic and
thermal analyses) combined with validated separation methods (ultracentrifugation, ultrafiltration, dialysis) is
essential to quantify drug association and in vitro release while avoiding artefacts, and stability challenges for
aqueous dispersions (aggregation, polymer degradation, premature release, microbial growth) often necessitate
drying strategies (lyophilization or spray drying) and careful monitoring of size, PDI, zeta potential, polymer
molar mass, drug content, and pH to ensure reproducible performance and safe translation ‘“Polymeric
nanoparticles (PNPs) constitute a versatile class of colloidal carriers with sizes typically ranging from 1 to 1000
nm, capable of encapsulating or adsorbing therapeutic, diagnostic, or functional payloads within nanospheres or
nanocapsules.
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