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Recent overview of nanotechnology based
approaches for targeted delivery of nutraceuticals

*

Jhalak Mehta, Khushboo Pathania and Sandip V. Pawar

Nutraceuticals and dietary supplements have experienced a remarkable surge in demand over the past
decade, driven by growing emphasis on preventive healthcare and heightened consumer preference for
bioactive products. Nutraceuticals serve as an interface between pharmaceuticals and bioactives,
offering therapeutic potential with minimal adverse effects. However, their clinical applications are often
hindered by their inherent physicochemical characteristics, including low bioavailability, susceptibility to
environmental degradation, poor aqueous solubility, instability, and post-delivery structural degradation.
To address these challenges, nanotechnology has emerged as a promising avenue for enhancing the
therapeutic efficacy and bioavailability of nutraceuticals. Nano-sized cargos such as liposomes,
nanoparticles, nano-emulsions, and nanogels enable improved encapsulation, stability, bioavailability,
cellular internalization, and targeted delivery of nutraceuticals. Furthermore, the sustainable
manufacturing of nutraceuticals has undergone substantial technological advancements to enhance the
bioavailability, therapeutic effect, and long-term stability. This review provides a comprehensive overview
of recently published literature addressing different nano-enabled approaches employed for
nutraceuticals, highlighting their targeted applications in disease prevention and management.
Additionally, it critically examines the regulatory challenges associated with their production scalability,
safety concerns, and environmental impact, while offering insights into existing regulatory frameworks
and future considerations for the pervasive use of nanotechnology in the nutraceutical industry.

Nutraceuticals are bioactive compounds derived from food sources with purported health benefits and offer great potential for promoting wellness and pre-

venting diseases. However, they face certain limitations including poor bioavailability, high sensitivity to light and oxygen, low water solubility, limited stability,
and probable chemical changes after delivery that restrict their applications and health benefits. The integration of advancements in nanotechnology into

sustainable nutraceutical manufacturing is driving impactful innovation in industry. Nanotechnology offers a promising avenue for delivery of nutraceuticals to
improve bioavailability and targeted delivery. Natural and biodegradable polymers like chitosan, alginate, lignin, zein, casein, etc. are being employed for the

development of nanocarriers. These biopolymers are non-toxic, non-irritant, easily available, and biodegradable, making them excellent candidates for the
delivery of nutraceutical and dietary supplements. Nanotechnology in the food and pharmaceutical industry holds great potential to transform food and

agricultural practices as it presents enormous benefits and sustainable production methods to shape the future of nutraceuticals. This review provides
a comprehensive overview of the latest advancements in nanotechnological approaches aimed at improving the encapsulation of bioactive compounds

emphasizing their targeted applications in disease management.

1 Introduction

polyunsaturated fatty acids (PUFA).> They are commonly
incorporated into functional foods, dietary supplements, and

Nutraceuticals are bioactive compounds that provide thera-
peutic benefits beyond basic nutrition, contributing to disease
prevention and overall health maintenance. The term is
a combination of ‘nutrition’ and ‘pharmaceutical’, reflecting
their dual role in nourishment and therapeutic efficacy." These
compounds encompass a wide range of bioactive substances,
including vitamins, minerals, antioxidants, prebiotics, pro-
biotics, herbal products, and spices, as well as a range of
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fortified food products such as cereals, soups, and beverages.?

Dietary supplements, a subset of nutraceuticals, are formu-
lated to augment dietary intake and may contain a combination
of essential nutrients, herbs, botanicals, amino acids, metabo-
lites, or bioactive extracts. Regulatory authorities such as the
United States Food and Drug Administration (USFDA) mandate
that dietary supplements must be appropriately labeled and are
permitted to bear specific health claims only when supported by
robust scientific evidence.*® They provide various benefits,
including anti-aging properties, antioxidant properties,
promoting good health and preventing diseases, fewer side
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effects, easy availability, and a holistic approach to wellness.”
The consumption of nutraceuticals and dietary supplements
has increased substantially due to growing consumer interest in
naturally derived compounds and preventive healthcare strate-
gies.® Extensive research highlights their therapeutic potential
in mitigating oxidative stress-related disorders, including
cardiovascular diseases” and cancer,”® neurodegenerative
conditions such as Alzheimer's disease' and Parkinson's
disease,'>"* metabolic disorders like diabetes mellitus,'*** and
obesity,'""” as well as immunological®®* and inflammatory
disorders.>**' The global nutraceutical market is experiencing
significant expansion, driven by increasing consumer aware-
ness and advancements in functional food development.** As of
2022, the market was valued at approximately $317.22 billion
and is projected to grow at a compound annual growth rate
(CAGR) of 9.6%, reaching nearly $600 billion by 2030* (see
Fig. 1). While India accounted for only 2% of the global nutra-
ceutical market in 2017,24 recent estimates suggest it is antic-
ipated to expand at a CAGR of 15% between 2023 and 2028, with
the preventive healthcare segment anticipated to reach $195
billion by 2025 at a CAGR of 22%.% This illustrates both the
economic potential and the increasing significance of nutra-
ceuticals in the global health sector.

Despite their promising therapeutic applications, the effi-
cacy of many nutraceuticals is hindered by inherent physico-
chemical limitations, including poor bioavailability, low
aqueous solubility, high sensitivity to light and oxygen, limited
stability, and probable chemical changes after their delivery.””
These challenges necessitate innovative delivery strategies to
enhance their absorption, protect them from environmental
degradation, and ensure targeted delivery to specific physio-
logical sites.”® Thus, nanotechnology has been seen as a break-
through invention for the efficient delivery of nutraceuticals
and dietary supplements and in activating the positive charac-
teristics of human health, hence improving their efficacy in
a variety of ailments.”

This literature review intends to provide a comprehensive
analysis of nanotechnology-based delivery systems for nutri-
tional supplements, highlighting their targeted applications in
disease prevention and management. It further examines how
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Fig. 1 The global market value of nutraceuticals in USD Billion from
the year 2012 to 2027.242¢
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various nanocarriers address the physicochemical limitations
of conventional nutraceutical formulations, thereby advancing
their clinical and commercial viability. Additionally, it discusses
the limitations of existing regulatory frameworks and provides
a comparative analysis of different nanoformulations based on
their production costs, scalability, regulatory challenges, and
environmental concerns.

2 Strategies to improve the
nutritional properties of foods using
nanotechnology

Nutraceuticals exhibit several physicochemical limitations that
hinder their therapeutic efficacy, including poor bioavailability,
low aqueous solubility as a result of their hydrophobic nature,
sensitivity to temperature, light, pH, free radicals, or oxygen,
limited stability, and potential structural degradation during
their delivery.””*® Many bioactive compounds derived from
natural sources, such as curcumin and quercetin, face signifi-
cant challenges in achieving their full therapeutic potential due
to inefficient absorption, short systemic circulation time, and
rapid metabolic degradation.***> To overcome these limita-
tions, nanotechnology has emerged as a promising approach
for effectively delivering nutritional supplements.**** Nano-
encapsulation offers several advantages, including the ability to
protect bioactive compounds from environmental degradation
(e.g., pH fluctuations, photodegradation, temperature varia-
tions, and oxidative stress), enhance bioavailability, facilitate
targeted delivery, and permit controlled and sustained release
of the encapsulated compound®*~*® (Fig. 2).

The encapsulation process must be carefully designed to
ensure precise regulation of release kinetics, allowing for
controlled dosage at the intended site of action.*” An optimal
delivery system should protect against external destabilizing
factors such as enzymatic degradation, moisture, and temper-
ature fluctuations, thereby preserving the structural and func-
tional integrity of the encapsulated compound.*® Additionally,
once encapsulated within nanocarriers, the physicochemical
properties of nutraceuticals are largely influenced by the char-
acteristics of the carrier system rather than the entrapped
bioactive compound, thereby enhancing solubility and stability.
Moreover, nanocarrier-based systems enable the co-delivery of
hydrophilic and lipophilic bioactives, facilitating their syner-
gistic therapeutic effects and improved bioavailability.***°

It is imperative to ensure that nanotechnology-based delivery
systems utilize biocompatible, non-toxic, and non-
immunogenic materials that pose no threat to human
health.** The materials commonly employed in nanocarrier
fabrication include lipid, polymer, and protein-based systems,
all of which must comply with regulatory standards and be
categorized as Generally Recognized as Safe (GRAS).™ The
selection of an appropriate nanocarrier system is determined by
the physicochemical properties of the encapsulated nutraceut-
ical, the intended site of action, and the specific therapeutic
application.*>** Among the key nanocarriers explored in recent
research are nanogels, nanoemulsions, nanoparticles (lipidic,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Nanotechnology implications to nutraceuticals and dietary supplements delivery.

polymeric, or protein-based), niosomes (non-ionic surfactant
vesicles), liposomes, nanocrystals, and polymeric nanocapsules
(Fig. 3). The following sections provide a comprehensive
discussion of these nanocarrier systems and their applications
in enhancing nutraceutical delivery.

2.1 Nanogels

Nanogels are hydrogel particles with remarkable versatility in
nutraceutical delivery due to their nanoscale size (typically
<1000 nm), high loading capacity, stability, and ability to
protect and control the release of bioactive compounds.** They
are predominantly synthesized through self-assembly, chemical
modifications, ionic gelation, and ultrasonication techniques,
often incorporating proteins and polysaccharides as core
materials. Recent advancements in nanogel formulation have
demonstrated significant improvements in the encapsulation
efficiency, bioavailability, and functional properties of encap-
sulated nutraceuticals.

He M. et al. developed soy protein isolate (SPI)-based nano-
gels modified with dextran and succinic acid anhydride to

Phospholipids/Non -
ionic surfactants

Phospholipid Layer

Hydrophilic/Amphiphilic
substances

Fig. 3 Schematic representation of liposomes and niosomes.
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encapsulate curcumin. The Maillard reaction and succinic acid
anhydride modification enhanced the functional properties of
SPI, such as hydrophobicity and charge distribution, facilitating
self-assembly into nanogels. This resulted in nanogels with
a particle size of 143 nm, a dispersion index of 0.20, an
encapsulation efficiency of 93%, and a loading capacity of
54%.* These nanogels exhibited excellent stability and antiox-
idant activity, making them suitable for addressing oxidative
stress-related diseases. Similarly, Wang et al. formulated self-
assembled nanogels using acylated rapeseed protein isolate
(ARPI) through a process of chemical acylation and heat-
induced protein denaturation.*® This approach endowed the
nanogels with unique secondary and tertiary structures,
reduced sulthydryl groups, and increased hydrophobic surfaces,
resulting in spherical particles with a hydro-diameter of 170 nm
and a light core-dark shell morphology. ARPI nanogels were
effective in enclosing curcumin with an exceptional encapsu-
lation efficiency of 95% which significantly boosted its potential
to fight cancer in different cell lines. However, the study lacks
data on pH stability and performance in complex food matrices
and in vivo studies to prove their safety and efficacy.*® In another
approach, Yu et al. formulated acylated kidney bean protein
isolate (AcKPI) nanogels via the self-assembly method,
achieving uniform particles with particle size of 137 nm and PDI
of 0.3. They exhibited excellent encapsulation efficiency of 92%,
significant antioxidant properties, and pH and temperature
tolerance. The study provides the application scope of AcKPI-
nanogels for potential use as an innovative and ideal delivery
system for bioactive compounds for controlled release.”
Beyond protein-based nanogels, Xu et al. designed an inno-
vative nanogel encapsulating lutein in an ovomucin and chito-
san oligosaccharide blend through the self-assembly
technique.”®* The encapsulated lutein showed remarkable
stability across a wide pH range and ionic concentrations,
retained its amorphous state, and achieved controlled release
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with significant antioxidant activity. The nanogels demon-
strated no cytotoxicity toward L929 fibroblast cells at higher
concentrations. The study presents the potential application of
lutein-loaded ovomucin and chitosan oligosaccharide blend
nanogels as the promising and effective oral carrier of lutein.
However, the absence of in vivo studies left uncertainties
regarding their oral bioavailability and long-term safety.*®
Another study encapsulated folic acid (vitamin By) in soy
proteins and polysaccharides using a self-assembling technique
to prevent deterioration due to pH, temperature, and light.*
The folic acid-encapsulated nanogels could be used for intes-
tinal release, as folic acid was gradually released under neutral
pH. Furthermore, the nano-encapsulated substance remained
stable at high temperatures, high light exposure, and high
oxygen pressures, making it a feasible option for employing the
nanogels in a variety of food and drink formulations without
worrying about the risk of deterioration.* Additionally, Sun
et al. utilized a Maillard reaction and self-assembly to fortify
orange juice with curcumin.*® The encapsulated curcumin
demonstrated superior stability and antioxidant activity,
expanding its potential for acidic beverage applications. Despite
their advantages, they may pose allergenicity risks and limit
their applicability in certain populations. Nevertheless, self-
assembled nanogels can effectively encapsulate a variety of
nutraceuticals and drugs, improving their stability and
bioavailability. The process avoids the use of toxic solvents,
aligning with green chemistry principles.

The ultrasonication technique is another widely employed
method for nanogel synthesis, offering advantages such as
controlled particle size tuning (30-200 nm), crosslink density
modulation, and adjustable drug release profiles by varying
ultrasonication time, amplitude, and polymer concentration.”
Jin et al. encapsulated vitamin B, in nanogels made with
dextran and thermally denatured soy protein using an ultra-
sonication technique, having a diameter of 40 nm and main-
taining their spherical shape at pH 6.52 Encapsulation
efficiency was 65.9%, with gradual intestinal release, making
them suitable for specific gastrointestinal applications. The
study demonstrated that nanogels made with dextran and
thermally denatured soy protein had low dispersion, nanoscale
sizes, and fair encapsulation efficiency when riboflavin was
delivered in an intact form, supporting their potential as func-
tional nutraceutical carriers.*

Another promising approach in nanogel synthesis is ionic
gelation, a simple and mild technique that enables the fabri-
cation of nanogels under physiological pH and ambient
temperatures, making it particularly suitable for encapsulating
sensitive bioactive compounds.®® Buosi et al. developed
a resveratrol-loaded chitosan-sodium tripolyphosphate nanogel
targeted for ophthalmic delivery.** The nanogel demonstrated
remarkable protection of the encapsulated bioactive compound
from UV light. It exhibited biocompatibility with a human
retinal pigment epithelial cell line (ARPE-19). These findings
underscore the ability of ionic gelation-derived nanogels to
serve as protective carriers for bioactives while maintaining
cellular compatibility.
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Collectively, these studies showcase innovative methods to
prepare nanogels with tailored properties for nutraceutical
delivery. The techniques employed, such as chemical modifi-
cation, self-assembly, ionic gelation, and the Maillard reaction,
enhance the functional capabilities of protein-based carriers.
However, a significant limitation across most studies is the
absence of in vivo validation, which remains crucial for assess-
ing the clinical efficacy, safety, and scalability of these systems.
Future research should focus on optimizing nanogel formula-
tions to address allergenicity concerns, improving stability in
complex biological environments, and conducting compre-
hensive in vivo evaluations to establish their commercial
viability. Other recent studies related to the entrapment of
bioactives into polymeric nanogels are summarised in Table 1.

2.2 Nano-emulsions

Nano-emulsions (NEs) are small-sized colloidal particulate
systems utilized for the transportation of numerous drug
molecules.®* They differ from traditional emulsions due to their
smaller droplet size, typically in the nanometre range. They
typically consist of water, oil, and an emulsifier, which plays
a crucial role in reducing the interfacial surface tension between
water and oil phases, stabilizing the NEs, and preventing coa-
lescence.®® Surfactants, proteins, and lipids are commonly used
emulsifiers.®*** NEs offer multiple advantages such as shielding
active ingredients, enhancing their effectiveness, and serving as
delivery systems for nutraceuticals and food components.®*°¢
Recent studies have extensively investigated the potential of
NEs as advanced nutraceutical delivery systems, focusing on
their ability to enhance bioavailability, stability, and functional
properties. In one such study, researchers encapsulated co-
enzyme Q10 into chitosan-based NEs, demonstrating excellent
stability, reducing oxidative stress and inflammation in car-
diomyoblast cells and hepatocytes against the damaging effects
of the potent anticancer drug doxorubicin.®” They also increased
cell viability by 35-40% in hepatocytes and cardiomyocytes and
decreased the production of nitric oxide, interleukins, and TNF-
a. The chitosan surface provided biocompatibility and
enhanced bio-adhesion, improving cellular uptake.®” Similarly,
another study encapsulated clove oil in whey-protein NEs
utilizing the ultrasonication method, achieving a droplet size of
280 nm, a PDI of <2, and a zeta potential (ZP) of —35 mV.*® These
properties contributed to stability across various pH levels,
temperatures, and ionic concentrations. These NEs exhibited
potent antimicrobial efficacy against E.coli and B. subtilis strains
with a minimum inhibitory concentration and minimum
bactericidal concentration of 50 and 90 pg mL ™, respectively,
suggesting their potential for food safety applications. The
small droplet size and negative zeta potential likely enhanced
the interaction with microbial membranes, improving efficacy.
This study heralds a promising avenue for leveraging clove oil's
antimicrobial properties in practical applications within food
systems.®® Another study utilizing a NE mixture of whey protein
isolate (WPI) and gardenia fruit oil encapsulated three different
bioactive compounds, named B-carotene, hesperetin, and nar-
ingenin, achieving remarkable encapsulation efficiencies of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bioactives

e Exhibited remarkable stability indicated by enhanced
retention (56-69%) of encapsulated B-carotene upon

one month storage

e Showed improved bioavailability of encapsulated

B-carotene
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80%, 51%, and 46%, respectively.®® Small droplet sizes (<300
nm) achieved through ultrasound application stabilized the
NEs under challenging environments, i.e., lower temperatures,
alkaline conditions, and reduced cationic concentrations. They
impressively curtailed the generation rate and peroxide value
(Pov) and amount of thiobarbituric acid reactive substances
(TARS) during the 14 day accelerated oxidation experiment,
confirming the improved oxidation stability of gardenia
fruit o0il.*

In terms of functional bioavailability and cellular uptake,
albumin-stabilized NEs encapsulating resveratrol exhibited
neuroprotective effects by mitigating postoperative cognitive
dysfunction in older rats by decreasing hippocampal inflam-
mation.”®”* The smooth surface and bioactive encapsulation
protected resveratrol from degradation and improved its inter-
action with cellular targets. The neuroprotective effects were
linked to the activation of the SIRT1 signaling pathway, high-
lighting the role of surface characteristics in influencing bio-
logical pathways.”* Additionally, N. Walia and L. Chen
demonstrated that the encapsulation of vitamin D by pea
protein-stabilized NEs enhanced its bioavailability and poten-
tially alleviated vitamin insufficiency in older adults. The
protein surface enhanced cellular absorption, highlighting the
value of protein—emulsifier interactions in optimizing nutrient
delivery.” V. Campani et al. utilized low-energy techniques to
prepare vitamin K; (VK;)-loaded PLGA NEs, which exhibited
intriguing droplet size and stability across different storage
conditions. The porous surface facilitated skin penetration and
transdermal delivery. Nebulization studies confirmed the
potential for spray formulations without altering the NE prop-
erties, suggesting commercial viability for topical
applications.”™

From an antioxidant and food system perspective, black rice
bran phenolics (ferulic and p-coumaric acids) were successfully
entrapped in sunflower oil NEs using homogenization and
ultrasonication, exhibiting sustained antioxidant activity across
varying thermal and ionic conditions (0.2-1 mol L"), thereby
suggesting their utility in food preservation.” Similarly, Li J.
et al. incorporated lycopene from tomato waste into oil-in-water
NEs utilizing isopropyl myristate (oil phase) and Pluronic F-127
(emulsifier) through high-speed homogenization combined
with spray-drying technology. The spray-drying technique
preserved lycopene's bioactivity, and small droplet sizes
enhanced its dispersion and uptake in food systems.”

Despite these promising attributes, several challenges
remain in the development and commercialization of NE-based
nutraceuticals. While NEs demonstrate superior EE%, payload
capacity, and protection from degradation, their stability is
highly dependent on the selection of appropriate surfactants
and emulsifiers. Expanding in vivo studies to validate their
bioavailability and therapeutic efficacy is essential for their
clinical and commercial translation. Future innovations should
explore hybrid NE systems integrating multiple encapsulation
strategies to achieve synergistic effects. Table 2 summarizes
studies on nutraceutical delivery via NEs, highlighting natural
and synthetic polymers used for encapsulating nutritional
supplements and their targeted applications.
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2.3 Liposomes and Niosomes

Liposomes and niosomes are advanced vesicular nanocarriers
used for the efficient delivery of hydrophilic and lipophilic
substances. Unlike nanogels and nanoemulsions, these vesicles
can encapsulate a wide range of bioactives due to their unique
multilamellar structure.”® Both hydrophilic and lipophilic
molecules, as well as amphiphilic substances, can be incorpo-
rated into their structures (Fig. 3).” Multilamellar liposomes,
for instance, offer additional versatility by hosting substances
within their multiple bilayers. Liposomes primarily consist of
phospholipids and surfactant molecules, while niosomes are
synthesized from non-ionic surfactants, making them cost-
effective.** Numerous techniques are employed for the prepa-
ration of these vesicles, including lipid layer hydration,
reversed-phase evaporation, transmembrane pH gradient,
micro-fluidization, ether injection, and extrusion techniques.®*
Critical factors influencing their synthesis include the type of
vesicle, phospholipid properties, their interactions with the
dispersion medium, and the bioactive molecules being
encapsulated.®

Liposomes and niosomes have demonstrated remarkable
potential in delivering various vitamins (A, C, and E), phytos-
terols, and other bioactive substances.*® Encapsulation in lipo-
somes improved all-trans retinoic acid's (ATRA's) photo-
stability and anti-cancer efficacy, enhancing cellular uptake
and reducing degradation.?** The anticancer effects of retinoic
acid were enhanced on thyroid carcinoma cell lines (FRO, PTC-
1, and B-CPAP) when ATRA was delivered via liposomes. The
intracellular uptake of the vesicular formulation in the in vitro
assays on FRO and B-CPAP cell lines demonstrated a more
pronounced anticancer effect when compared with the free
drug.®® Similarly, niosomes synthesized using the film hydra-
tion technique demonstrated a narrow size distribution (107-
190 nm) and high encapsulation efficiency, enhancing stability
and reducing lipid peroxidation.®”

In a parallel investigation, liposomal formulations of cur-
cumin and oa-tocopherol, prepared with the homogenization
method, retained the antioxidant activity in fortified cookies
without compromising sensory attributes. Their encapsulation
efficiencies were reported to be above 90%. DPPH and ferric-
reducing antioxidant power assays reported the successful
liposomal encapsulation of curcumin and a-tocopherol into the
fortified cookies, preserving the antioxidant properties of
both.*® Another group of researchers explored niosomal
formulations for co-delivering nutraceuticals and dietary
supplements. They encapsulated gallic acid with curcumin and
ascorbic acid with quercetin in niosomes, which significantly
boosted solubility and antioxidant efficacy.®® This enhanced
synergistic antioxidant activity, making it more promising for
chronic disease management. A separate investigation high-
lighted the encapsulation of gallic acid extracted from Indian
gooseberry and sappan wood heartwood using the ethanol
injection method to produce mucus-penetrating niosomes with
potent anti-inflammatory activity. The addition of poloxamer
407 influenced the diffusion mechanisms, enabling efficient
intestinal absorption.”®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Incorporating bioactive lipids into vesicular systems has also
demonstrated promising outcomes. Zelikina D. et al. incorpo-
rated curcumin and fish oil PUFAs (n — 3 and n — 6) into lipo-
somes made from a WPI-chitosan conjugate via the Maillard
reaction. The liposomes exhibited the sustained release,
enhanced bioavailability, and mucoadhesiveness of the encap-
sulated nutraceuticals during gastric and small intestinal
stages.” Semenova M. et al. encapsulated a combination of
lipophilic (n — 3 PUFAs, vitamin D3, and eugenol) and hydro-
philic (y-aminobutyric acid) nutraceuticals in phosphatidyl-
choline liposomes coated with a WPI-chitosan conjugate. These
liposomes exhibited small particle size, remarkable encapsula-
tion efficiencies (>80% for lipophilic and >49% for hydrophilic),
and improved interaction with bile salts and mucin in the
intestine. The study demonstrated the potential of phosphati-
dylcholine liposomes as novel oral carriers for lipophilic and
hydrophilic bioactive compounds.®

Liposomes and niosomes, with their tunable shape, surface
properties, and multi-compartment structure, serve as efficient
carriers for bioactives, ensuring improved stability, bioavail-
ability, and targeted delivery. These attributes position them as
promising candidates for nutraceutical and functional food
applications. Despite their significant advantages, further
research is needed to optimize these delivery systems by
improving their stability in biological environments, ensuring
large-scale reproducibility, and conducting extensive in vivo
evaluations to confirm their therapeutic potential (Table 3).

2.4 Nanoparticles

Nanoparticles (NPs) are extensively employed as drug delivery
systems due to their versatility in composition, and include
a variety of materials, including proteins,* lipids,* and poly-
mers such as poly-p,i-lactide-co-glycolide(PLGA),* polylactic
acid (PLA),*® poly-e-caprolactone (PCL),%” chitosan,® alginate,*
and lignin.'* These materials offer unique properties for
encapsulating bioactives and ensuring controlled release. The
use of food-grade materials is imperative to ensure safety and
compliance for applications in the food and nutraceutical
industries. Zein,** chitosan,'* gelatin,'** and lignin***
examples of the food-grade materials employed in NP formu-
lations (Fig. 4). These materials not only provide biocompati-
bility and biodegradability but also align with the regulatory
requirements, making them suitable candidates for delivering
bioactive compounds in functional foods and dietary
supplements.

2.4.1 Protein-based nanoparticles. Protein-based NPs, with
particle sizes ranging from 10 to 40 nm, exhibit several desirable
characteristics, such as bioavailability, biodegradability, non-
antigenicity, high nutritional value, and exceptional binding
capacity for various bioactive compounds.®® These properties,
combined with their non-toxic and biodegradable attributes,
have increased research interest in their development. They can
effectively deliver hydrophilic and hydrophobic nutraceuticals
and are derived from sources such as bacteria, plants, animals,
and fungi. Key methods for their synthesis include nano-
precipitation, emulsification, nano-spray drying, coacervation,

103 are a few
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desolvation, self-assembly, and cross-linking.**® Protein carriers
include gelatin, casein, whey protein, albumin, and collagen
derived from animals, as well as soy-B-glycinin, wheat gliadin,
and zein from plants.'**%®

Sunflower seed protein isolate (SFPI) NPs encapsulated cur-
cumin, a hydrophobic anti-inflammatory compound, signifi-
cantly enhancing its solubility, stability, and anti-oxidant and
anti-inflammatory properties. The encapsulation efficiency
was observed at 83 + 3%, with improved curcumin solubility
(8.1 pg ml"). Additionally, the encapsulated curcumin
demonstrated higher lipoxygenase activity (IC5, = 45.3 puM)
compared to free curcumin. However, the study did not explore
the long-term stability or in vivo performance of SFPI-
encapsulated curcumin, limiting its translational applica-
bility.** Similarly, Liu L et al. synthesized soy-B-glycinin NPs
employing urea-induced disassembly and reassembly tech-
niques to deliver curcumin. These core-shell nanostructures,
comprising an aggregated B-subunit core and hydrophilic a-
and o/-subunit shell, achieved a remarkable EE% (79%) and
improved curcumin bioaccessibility (40%) compared to free
curcumin (20%). These soy B-conglycinin nanostructures offer
a potential biocompatible delivery mechanism for hydrophobic
substances."® In a parallel investigation, casein NPs, synthe-
sized via coacervation and stabilized with lysine or arginine,
demonstrated gastro-resistance and enabled controlled intes-
tinal release of vitamin Bo. These NPs, with an average size of
150 nm, contained 25 mg of vitamin By per mg and improved
oral bioavailability in vitro. However, the absence of in vivo
pharmacokinetic data limits the conclusions regarding their
efficacy as an oral delivery system for vitamin Bo.'"

Another study drew attention to the development of plant-
based protein NPs encapsulating quercetin that were resistant
to gastric digestion, had antioxidant properties, and were stable
enough to withstand higher temperatures.”*> High-intensity
sonication was employed to prepare soybean, rice, and walnut
protein-based NPs with particle size < 110 nm and PDI < 0.20.
These NPs exhibited remarkable thermal stability, antioxidant
activity, and resistance to gastric digestion while maintaining
morphology during digestion. This study provided valuable
insights into the development of plant protein-based NPs as
promising delivery systems for bioactive compounds.**>

Beyond nutraceutical delivery, protein-based NPs have
emerged as promising candidates for targeted drug delivery in
cancer therapy. A novel study synthesized capsaicin-
encapsulated lactoferrin-functionalized carboxymethyl
dextran-coated egg albumin NPs (Cap-LF-CMD-EA-NPs) for the
treatment of colorectal cancer. The preparation involved ester-
ification, Maillard reaction, and gelation, where hydrophobic
interactions between capsaicin and protein polymers facilitated
nanoparticle formation.”® Spectral analyses indicated the
successful synthesis of smooth and spherical NPs with excellent
EE% and DL%. Drug release studies revealed sustained release
of capsaicin (up to 80% in 24 hours) in pH 5.8 with anomalous
transport attributed to the CMD and EA matrix shell. Moreover,
enhanced cytotoxicity against HCT116 and LoVo cell lines was
observed owing to the overexpression of lactoferrin receptors in
colorectal HCT116 cells. This study illustrates the potential of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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functionalized protein carriers for the treatment of colorectal
cancer.'*®

Overall, protein-based NPs present a versatile and biocom-
patible platform for the encapsulation and delivery of bioactive
compounds. Their tunable physicochemical properties,
combined with high encapsulation efficiency and controlled
release capabilities, make them promising candidates for
applications in nutraceuticals and targeted drug delivery.
However, future research is warranted to optimize their
stability, large-scale production, and in vivo performance to
facilitate clinical translation.

2.4.2 Polymer-based nanoparticles. Polymeric NPs have
emerged as promising vehicles for the targeted and controlled
delivery of nutraceuticals, offering enhanced stability, biocom-
patibility, and therapeutic efficacy. These nanocarriers,
composed of natural, synthetic, or semi-synthetic polymers,
exhibit particle sizes ranging from 1-1000 nm."* Their
biocompatibility, biodegradability, and capacity for surface
modification make them ideal candidates for addressing chal-
lenges associated with conventional drug and nutraceutical
delivery systems. The natural polymers most commonly
employed are gelatin, chitosan/chitosan derivates, alginate, and
lignin. Synthetic polymers include PLGA, PLA, PCL, and
PAMAM (polyamidoamine).'*®

Chitosan nanoparticles (CS-NPs) have been extensively
studied for their potential in targeted cancer therapy. In one of
the studies, liver-targeting nanosystems were developed that
utilized trans-resveratrol-loaded CS-NPs to target hepatic carci-
noma. The researchers modified the nanoparticle surface with
biotin (B-CS-NPs) or biotin and avidin (A-B-CS-NPs) to enhance
cellular uptake and adhesion to cancer cell lectins.'® NPs were
prepared via ionic gelation, a technique known for its simplicity
and ability to encapsulate hydrophilic drugs. In vitro studies on
HepG2 cells revealed that modified CS-NPs exhibited superior
anticancer activity compared to free ¢rans-resveratrol, show-
casing enhanced cellular internalization and sustained drug
release. However, chitosan's solubility limitations at physio-
logical pH may restrict systemic applications, necessitating
further optimization.**®

A separate investigation brought attention to the develop-
ment of PLGA-NPs encapsulating resveratrol modified with
chitosan-folate (RSV-CS-F-PLGA-NPs), prepared using a single
emulsion solvent evaporation method, as an innovative targeted
delivery system for prostate cancer.'”” This technique yields
highly stable nanoparticles with remarkable drug-loading effi-
ciency. Biological assays on the PC-3 prostate cancer cell line
indicated that these NPs induced oxidative stress and apoptosis
more effectively than free resveratrol. This study affirms the
potential of RSV-CS-F-PLGA-NPs as an efficacious treatment
option for prostate cancer. Despite their advantages, PLGA NPs
may suffer from burst release effects, though the chitosan
coating helps mitigate this limitation by providing an addi-
tional diffusion barrier.""”

Another study explored the application of PLA nanoparticles
to deliver quercetin, prepared using the solvent evaporation
method, as a novel approach. The resulting NPs exhibited
a particle size of 130 nm, remarkable EE% of 96.7%, and
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Efficient delivery strategy for water soluble medication.

Fig. 4 Classification of nanoparticles based on the material used to prepare them for delivery of nutraceuticals.

controlled quercetin release, preserving quercetin's bioac-
tivity.™® Fluorescence quenching studies confirmed the
protective effect of PLA NPs on quercetin stability. This study
paved the way for encapsulating anti-oxidant nutraceuticals
toward the development of better therapeutic compounds.**®

Vitamin D; (VDj)-loaded tyrospheres were developed for
topical applications to enhance bioactive stability and skin
penetration. These polymeric nanospheres demonstrated high
drug loading efficiency and protected VD; from photo-
degradation and hydrolysis. The ease of formulation and
improved drug retention made tyrospheres attractive for
dermatological applications, though their limited penetration
depth may require complementary techniques for systemic
effects.’” Furthermore, Prabhuraj et al. developed PLGA NPs
loaded with curcumin, coated with polyethylene glycol (PEG),
and conjugated with various targeting moieties, folic acid,
hyaluronic acid, and transferrin. The solvent evaporation
method produced homogeneous, well-coated NPs with
enhanced circulation time and reduced macrophage uptake.
TEM imaging confirmed a particle size increase from 85 nm to
124 nm upon PEGylation, correlating with prolonged drug
release and enhanced efficacy against aggressive and metastatic
MDA-MB-231 breast cancer cells. Nevertheless, PEGylation can
sometimes trigger immune responses, which may limit clinical
translation.™’

A composite nanoparticle system incorporating hydroxyap-
atite and PLA NPs encapsulating capsaicin (Cap-HA/PLA-NPs)

958 | Sustainable Food Technol., 2025, 3, 947-978

was developed utilizing the ultrasound-assisted dispersion
method. SEM imaging revealed uniform, spherical NPs
(approximately 50 nm), while pharmacokinetic studies
demonstrated prolonged drug release and significantly
enhanced bioavailability."** The biphasic release profile, influ-
enced by HA concentration, allows for an initial rapid release
followed by sustained release. They exhibited remarkable
biocompatibility and served as effective long-term controlled
release carriers, thereby improving the solubility and bioavail-
ability of lipophilic drugs. However, the complex synthesis
process and potential for aggregation may present formulation
challenges.**

Various other studies related to biodegradable polymers
used to encapsulate nutritional supplements into polymeric
nanoparticles along with their targeted applications have been
summarized in Table 4. These studies highlight the versatility of
polymeric NPs in nutraceutical delivery. While natural polymers
offer superior biocompatibility and safety, synthetic polymers
provide adjustable drug release kinetics and structural stability.
The choice of polymer, surface modification strategy, and
fabrication method must be tailored to the desired therapeutic
outcome. Future research should focus on optimizing formu-
lation parameters, scaling up production, and conducting
comprehensive in vivo studies to facilitate clinical translation.
By addressing these challenges, polymeric nanocarriers hold
immense potential to revolutionize nutraceutical and drug
delivery systems.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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