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Abstract

Polymeric nanoparticles (PNPs) are an increasingly important platform to deliver bioactive
phytochemicals from traditional and herbal medicines. Nanosizing and polymeric
encapsulation improve the aqueous solubility, chemical stability, and oral or topical
bioavailability of poorly soluble natural products while enabling sustained and stimulus-
responsive release profiles. This review summarizes fabrication strategies for herbal-actives-
loaded PNPs (emulsion—diffusion, nanoprecipitation, ionic gelation, polyelectrolyte
complexation), highlights commonly used synthetic and natural polymers (PLGA, PLA, PCL,
chitosan, alginate), and compares design choices for oral, topical, and parenteral delivery. We
synthesize recent in vitro and in vivo evidence for improved pharmacokinetics and
therapeutic outcomes - with curcumin, berberine, and other phytoconstituents as paradigmatic
examples - and examine applications in wound healing, anti-inflammatory therapy, cancer
adjuvant therapy, and antimicrobial uses. Critical issues - scalable manufacturing,
reproducibility, batch-to-batch variability of herbal extracts, toxicity, and regulatory
pathways - are discussed. Finally, we propose best-practice guidelines for characterization
(size, zeta potential, release kinetics), preclinical testing, and a translational roadmap to
clinic. The review concludes by identifying knowledge gaps and future directions where

PNPs can responsibly modernize herbal therapeutics.
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1. Introduction

Herbal medicine has been an integral part of healthcare systems for centuries, providing
therapeutic agents that are often safer, more biocompatible, and cost-effective than synthetic
drugs [1-3]. Despite their extensive pharmacological potential, many herbal bioactives—such
as curcumin, silymarin, resveratrol, and quercetin—suffer from limitations including poor
aqueous solubility, low permeability, rapid metabolism, and instability in physiological
environments [4—6]. These drawbacks lead to poor systemic bioavailability, inconsistent
therapeutic outcomes, and challenges in clinical translation. Nanotechnology-based delivery
systems, particularly polymeric nanoparticles (PNPs), have emerged as promising strategies
to overcome these limitations and to enhance the therapeutic efficacy of plant-derived
compounds [7-9]

Polymeric nanoparticles are colloidal carriers typically ranging from 10 to 1000 nm in
diameter, composed of biocompatible and biodegradable polymers such as poly (lactic-co-
glycolic acid) (PLGA), polycaprolactone (PCL), chitosan, and alginate [10-12]. These
nanocarriers can encapsulate both hydrophilic and hydrophobic compounds, offering
controlled release, site-specific delivery, and protection of the encapsulated drug from
degradation [13—15]. Depending on their architecture, PNPs can be classified as nanospheres,
in which the drug is uniformly distributed within the polymer matrix, or nano capsules, where
the drug resides in a reservoir core surrounded by a polymeric shell [16, 17]. Such structural
versatility enables precise control over drug-loading efficiency and release kinetics.

In the context of herbal therapeutics, PNPs have demonstrated substantial potential. For
instance, curcumin-loaded PLGA nanoparticles exhibit prolonged circulation time and
improved anticancer activity compared to free curcumin [18, 19]. Similarly, silymarin and
catechin encapsulated in chitosan nanoparticles display enhanced hepatoprotective and
antioxidant effects, respectively [20, 21]. The controlled release behavior of these
nanocarriers minimizes dosing frequency and reduces adverse effects by maintaining plasma
drug levels within the therapeutic window [22].

Recent advances in polymer chemistry have led to the development of stimuli-responsive

nanoparticles that release herbal actives in response to environmental triggers such as pH,

Devi, M. 48



International Journal of Applied and Behavioural Sciences (IJABS)

temperature, or enzymatic activity [23—25]. These “smart” delivery systems have opened new
avenues for targeted therapy in diseases such as cancer, diabetes, and neurodegenerative
disorders [26, 27]. Despite encouraging progress, challenges remain related to large-scale
synthesis, stability, regulatory approval, and toxicity assessment of herbal PNPs [28-30].
This review provides an updated overview of polymeric nanoparticles for controlled release
of herbal actives, encompassing polymer selection, fabrication methods, release mechanisms,

characterization techniques, biomedical applications, and future research directions.
2. Classification and Types of Polymeric Nanoparticles

Polymeric nanoparticles (PNPs) are broadly classified into nanospheres and nano capsules
according to their structural configuration and drug distribution [11].

Nanospheres are matrix systems in which the drug is uniformly dispersed throughout the
polymer network, whereas nano capsules consist of a core—shell structure enclosing the
active compound within a reservoir surrounded by a polymeric membrane [12]. Based on
polymer origin, PNPs are further divided into natural polymer-based systems such as
chitosan, alginate, gelatin, and dextran, and synthetic polymer-based systems including
PLGA, PCL, PEG, and PLA [13, 14]. This classification profoundly influences
physicochemical characteristics, degradation rate, encapsulation efficiency, and release
kinetics, enabling precise modulation of drug delivery for specific biomedical applications

[15].
2.1 Natural and Synthetic Polymers

PNPs can be fabricated using either natural polymers (e.g., chitosan, alginate, gelatin,
dextran) or synthetic biodegradable polymers (e.g., PLGA, PCL, PEG, and PLA) [14, 16].
Natural polymers are generally biocompatible and non-toxic, while synthetic polymers

provide precise control over degradation rate and release kinetics [17].
3. Methods of Preparation of Polymeric Nanoparticles

Several techniques have been developed for the fabrication of polymeric nanoparticles. The
method chosen greatly affects particle size, encapsulation efficiency and drug release profile

[22-25].
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3.1 Emulsion Solvent Evaporation

A widely used method, especially for hydrophobic herbal actives. The polymer and drug are
dissolved in a volatile organic solvent and emulsified in an aqueous phase containing a
stabilizer such as polyvinyl alcohol (PVA). The solvent is then evaporated, resulting in

nanoparticle formation [23].
3.2 Nanoprecipitation

In this simple and reproducible method, the polymer and drug are dissolved in a solvent and
added dropwise into a non-solvent (usually water). The difference in solubility causes

precipitation of nanoparticles [24].
3.3 Ionic Gelation and Coacervation

This method is used mainly for natural polymers such as chitosan and alginate. The formation

of nanoparticles occurs due to electrostatic interactions between oppositely charged species

[20, 21].
3.4 Spray Drying and Supercritical Fluid Techniques

These techniques are suitable for large-scale production and allow control over particle

morphology and stability [37].
4. Encapsulation of Herbal Actives and Loading Efficiency

The encapsulation of herbal actives within polymeric nanoparticles offers several advantages:
protection from degradation, improved solubility, and enhanced bioavailability [11-13].

Encapsulation efficiency (EE %) depends on polymer—drug compatibility, solvent polarity,
and method of preparation. For example, curcumin-loaded PLGA nanoparticles exhibit an

EE% exceeding 80%, while catechin-loaded chitosan nanoparticles reach up to 70% [18-21].

Encapsulation
/@

Herbal Actives Polymeric
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Figure 1: Schematic diagram showing encapsulation of herbal actives inside polymeric

nanoparticles and gradual drug release from the matrix.
5. Drug Release Mechanisms and Kinetics

Controlled release from polymeric nanoparticles typically follows diffusion, erosion, or a
combination of both mechanisms [22, 25].
Drug release can occur in three distinct stages:

¢ [Initial burst release — from surface-adsorbed molecules.

e Sustained release phase — via diffusion through the polymer matrix.

e Terminal phase — governed by polymer degradation and erosion [26, 27].

6. Characterization Techniques

Accurate characterization of nanoparticles is critical to understanding their behavior in

biological systems [33, 34].

Technique Parameter Instrument Outcome
Measured
Dynamic Light Particle size, zeta Malvern Size distribution
Scattering (DLS) potential Zetasizer
SEM/TEM Morphology, Electron Particle shape and Size
structure microscope
FTIR Functional group FTIR Polymer—drug bonding
interactions spectrometer
DSC/TGA Thermal stability | Thermal analyzer | Melting and degradation
XRD Crystallinity Diffractometer Amorphous/crystalline
nature

Surface charge (zeta potential) also influences nanoparticle stability and bio-distribution.

Typically, values greater than £30 mV ensure colloidal stability [35, 36].
7. Biomedical Applications of Herbal Polymeric Nanoparticles

Polymeric nanoparticles have been extensively investigated for delivering herbal actives in
anticancer, antioxidant, anti-inflammatory, and neuroprotective therapies [8, 9, 30].
Curcumin—-PLGA nanoparticles show improved cytotoxicity against breast and colon cancer

cells [18].
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Resveratrol-loaded nanoparticles exhibit enhanced antioxidant activity and neuroprotection in
Alzheimer’s models [13].

Chitosan nanoparticles carrying silymarin improve hepatoprotection in liver injury models
[20].

Stimuli-responsive polymeric systems (pH-sensitive or temperature-sensitive) have shown
targeted drug delivery to tumor sites, enhancing therapeutic outcomes while minimizing side

effects [26, 27, 28].
8. Challenges and Future Perspectives

Despite encouraging preclinical outcomes, several challenges limit clinical translation of

herbal polymeric nanoparticles [37-39].

Scalability and reproducibility: Laboratory-scale methods are often unsuitable for

industrial production.

Stability: Herbal compounds may undergo oxidation or hydrolysis during formulation and

storage.

Regulatory hurdles: Lack of harmonized guidelines for herbal nanomedicines complicates

approval processes.

Toxicological evaluation: Comprehensive long-term toxicity studies are needed to ensure

safety.

Future work should focus on developing green synthesis approaches, biopolymer composites,
and personalized nano formulations integrating herbal actives with precision medicine tools.
The coupling of computational modeling with experimental design may also optimize release

kinetics and formulation parameters [29, 31, and 32].
9. Conclusion

Polymeric nanoparticles (PNPs) have revolutionized the field of herbal drug delivery by
offering enhanced solubility, protection from degradation, and sustained release of bioactives.

Their ability to overcome the physicochemical and pharmacokinetic limitations of herbal
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compounds establishes them as a bridge between traditional phytotherapy and modern
nanotechnology. Biodegradable polymers such as PLGA, chitosan, and alginate have proven
particularly effective in achieving controlled and targeted release. However, challenges
related to large-scale synthesis, stability, regulatory approval, and long-term toxicity still
hinder clinical translation. Continued interdisciplinary research integrating materials science,
pharmacology, and biomedical engineering will be crucial to develop next-generation
“smart” herbal nanocarriers with tunable release profiles, site-specific targeting, and
improved patient compliance. Ultimately, polymeric nanoparticle-based herbal formulations
hold immense promise for transforming natural therapeutics into reliable, evidence-based

nanomedicines.
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