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ABSTRACT

Nanoparticle encapsulation has emerged as a relevant technology with the potential to revolutionize
multiple fields, including medicine, food technology, cosmetics, and environmental monitoring. This
review discusses the fundamental aspects of nanoparticle encapsulation, highlighting its benefits, such
as enhanced solubility, stability, and bioavailability of phytochemicals. The data for this report were
obtained via an extensive review of the peer-reviewed scientific literature. We reviewed various types of
nanoparticles used in encapsulation, the efficacy of nanoparticle-encapsulated phytochemicals, and the
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challenges faced, including formulation complexity and regulatory hurdles. The review also considers
current and future applications, providing examples of how advanced technologies such as artificial
intelligence and novel manufacturing methods contribute to innovation in this field. As nanoparticle
technology progresses, addressing safety and regulatory issues will be critical for its successful integra-
tion and commercialization. This review underscores the promising future of nanoparticle technology.

1. Introduction

Nanoparticles (NPs) are materials with dimensions on the
nanoscale, generally under 100 nm. In recent years, these
tiny structures have become significant in modern medicine,
serving various roles from contrast agents in medical imaging
to carriers for gene delivery at the cellular level. Compared
with those of bulk materials, their unique properties, attribu-
ted to their small size, include enhanced chemical reactivity,
improved energy absorption, and greater biological mobility
[1]. NPs have the potential to enhance the delivery and effi-
cacy of various compounds, including phytochemicals. These
nanoscale carriers can improve the solubility, stability, and
bioavailability of encapsulated substances, thereby addressing
many limitations that natural compounds face [2].

Phytochemicals, derived from the Greek words “phyto
(meaning plant) and “chemical” (indicating a biologically
active compound), are natural compounds found in plants
that offer potential therapeutic benefits. These compounds,
including antioxidants and anti-inflammatory agents, help
plants defend against environmental stress, and when
ingested by humans, they can support overall health [3].
Examples include curcumin from turmeric, resveratrol from
grapes, and quercetin from various fruits and vegetables,
which have been explored for their health benefits
(Figure 1) [4].

However, the therapeutic application of phytochemicals is
often limited by their low bioavailability, necessitating the

”

exploration of nanoparticle encapsulation to increase their
efficacy [5]. Nanoparticle encapsulation improves the solubi-
lity, stability, and absorption of phytochemicals within the
body. This process prevents rapid degradation, allows the
compounds to reach target tissues more efficiently, and
keeps them active for longer durations, reducing the need
for large dosages [6].

Despite their benefits, the small size of nanoparticles raises
safety concerns because it enables them to interact with
tissues in ways that can lead to unexpected effects, potentially
resulting in harmful outcomes. Therefore, thoroughly asses-
sing the safety and effectiveness of phytochemicals encapsu-
lated in nanoparticles is crucial [7]. This review examines how
nanoparticle technology can enhance the transport and effec-
tiveness of phytochemicals, the various types of nanoparticles
used, and potential safety risks.

The primary aim of this review is to consolidate and criti-
cally evaluate recent advances in nanoparticle-encapsulated
phytochemicals with a focus on translational potential. Given
the rapid growth in nanotechnology and its intersection with
natural product-based therapeutics, our goal is to highlight
formulation strategies, therapeutic applications, and commer-
cial relevance, thereby informing future research and develop-
ment efforts in this evolving field. It will also address
challenges such as maintaining nanoparticle stability, scaling
up production, meeting regulatory requirements, and identify-
ing future research areas.
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Article highlights

o Phytochemicals possess significant therapeutic potential but are lim-
ited by poor bioavailability, instability, and off-target effects, necessi-
tating advanced delivery strategies

¢ Nanoparticle-based delivery systems such as liposomes, polymeric
nanoparticles, solid lipid nanoparticles (SLNs), dendrimers, and metal-
lic nanoparticles have emerged as promising platforms to enhance
phytochemical delivery

e The review discusses both passive targeting (via EPR effect) and
active targeting (via ligand-receptor interactions) to improve drug
accumulation in specific tissues

o Most widely studied examples of phytochemicals like curcumin, quer-
cetin, berberine, artemisinin, and resveratrol are discussed in the con-
text of their nanoformulations and enhanced pharmacokinetics.

2. Review methodology

The relevant literature was sourced by using major scientific
catalogs such as Google Scholar, PubMed, Scopus, and
ScienceDirect to obtain information. Terms such as ‘nanopar-
ticle encapsulation’ together with ‘phytochemicals,” ‘nanoparti-
cle encapsulation safety, and ‘clinical trials and ‘extraction’
were searched, and over 70 published papers were gathered,
with a major focus on work performed between 2007 and
2025. Papers that were not written in English were not used.
The relevant literature from the articles’ references was also
explored.

3. Phytochemical encapsulation within
nanoparticles

Nanoparticle encapsulation involves embedding phytochem-
icals within nanoscale carriers composed of biocompatible
substances such as lipids, polymers, or metals [2].
Nanoparticles, which are typically smaller than 100 nm, offer
an increased surface area that enhances drug solubility and
absorption. They protect phytochemicals from degradation,

thereby improving their stability and extending their circula-
tion time in the body. Encapsulating phytochemicals in nano-
particles is a cutting-edge technique for drug delivery and
preservation. This process involves embedding phytochem-
icals into nanoscale carriers composed of biocompatible sub-
stances such as lipids, polymers, or metals [8]. These
nanoparticles, which are usually less than 100 nanometers in
diameter, provide multiple benefits for optimizing the effec-
tiveness of phytochemicals.

Nanoparticle encapsulation gives rise to a major advantage
in the form of increased nanoparticle surface area. Their small
size increases the surface area-to-volume ratio, which
increases their solubility and facilitates the absorption of phy-
tochemicals in bodily fluids [9]. This is particularly beneficial
for compounds that have poor solubility in their natural form.
By encapsulating these phytochemicals in nanoparticles, their
bioavailability is significantly improved, ensuring that a larger
portion of the active compound reaches its intended tar-
get [10].

NPs not only increase their solubility but also protect
against degradation. By encapsulating phytochemicals,
a barrier is formed to shield them from environmental ele-
ments such as light, oxygen, and moisture, which would
otherwise cause degradation. This protective layer guarantees
the stability and effectiveness of phytochemicals for extended
periods, preserving their therapeutic potential and prolonging
their shelf life until they reach their target destination [11].

Furthermore, nanoparticles provide the benefit of regu-
lated release. Encapsulation can be tailored to release phyto-
chemicals slowly. This regulated release system assists in
maintaining optimal levels of the active compound at the
intended location, decreasing the need for frequent dosing
and minimizing the risk of side effects [12]. By customizing
nanoparticles to react to specific physiological conditions,
such as alterations in pH or the presence of particular
enzymes, scientists can adjust the release patterns to meet
different therapeutic requirements.
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Figure 1. Basic groups and subgroups of phytochemicals.



Nanoparticle encapsulation offers an important advantage
by extending the amount of time that phytochemicals circu-
late throughout the body. Since nanoparticles are very small,
they can evade the immune system’s quick destruction,
remain in the bloodstream for extended periods of time and
have a more powerful impact. This prolonged circulation per-
iod increases the overall effectiveness of phytochemicals and
contributes to their sustained therapeutic influence [13].

The utilization of nanoparticle encapsulation leverages the
benefits of tiny carriers to increase the solubility, stability, and
effectiveness of phytochemicals [14]. NPs serve as a potent
mechanism to enhance drug delivery systems and increase the
solubility of bioactive chemicals to improve their function,
safeguarding against degradation, regulating release, and
prolonging circulation time [15]. This technology has the
potential to greatly impact diverse industries, including med-
icine, pharmaceuticals, food technology, and cosmetics.

3.1. Advantages of nanoparticle encapsulation

Nanoparticles have significant benefits in improving the deliv-
ery of phytochemicals by increasing their stability and thera-
peutic effectiveness. One of the main advantages of utilizing
nanoparticles is their ability to increase the stability of delicate
phytochemicals. These naturally occurring compounds from
plants are often susceptible to deterioration. When subjected
to environmental conditions such as heat, light, and oxygen,
materials can undergo significant changes [16]. NPs serve as
protective carriers, shielding the enclosed phytochemicals
from these detrimental elements. In particular, solid lipid
nanoparticles (SLNs), which are lipid-based, are highly produc-
tive in creating a stable environment [17]. By preventing
degradation, these systems ensure that the active compounds
retain their potency and efficacy over their lifespan, thus pre-
serving their therapeutic potential [18].

NPs offer crucial benefits by improving the solubility of
phytochemicals with low water solubility [19]. Many naturally
occurring compounds have limited solubility, which hinders
their absorption into the bloodstream and reduces their bioa-
vailability [20]. Encapsulation by nanoparticles can significantly
increase the dissolution rate of these compounds, leading to
better absorption. An illustrative case is curcumin, which has
low water solubility and bioavailability in its free state.
Nonetheless, curcumin has improved solubility and increased
absorption when enclosed in nanoparticles, thereby enhan-
cing its therapeutic effectiveness [21].

NPs also enable the controlled release of phytochemicals.
They can be engineered to deliver their contents over an
extended period, providing sustained therapeutic effects. For
example, polymeric nanoparticles are designed to release their
payload gradually, ensuring the consistent and prolonged
delivery of phytochemicals. This controlled release reduces
the need for frequent dosing, offering more convenience to
patients and enhancing overall treatment outcomes [22].

It is possible to tailor nanoparticles for specific delivery, in
addition to increasing their solubility and release. Altering the
surface of nanoparticles enables them to be guided to spe-
cific tissues or cells, ensuring that the phytochemicals reach
their desired action site. This precise targeting is very useful
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in the treatment of diseases such as cancer, where reducing
harm to healthy tissues is imperative. For example, ligands or
antibodies that recognize and bind to particular receptors on
cancer cells can be used to functionalize nanoparticles. This
allows phytochemicals to be directly delivered to the tumor
location, increasing therapeutic effectiveness and decreasing
adverse effects [23]. The stability, solubility, controlled
release, and targeted distribution of phytochemicals are all
much improved by nanoparticles, which makes them effec-
tive tools for enhancing the medicinal potential of natural
compounds [24].

4. Nanoparticle toxicity mechanisms and
dose-response relationships

4.1. Nanoparticle toxicity mechanisms

The mechanisms underlying the toxic effects of nanoparticles
are complex and depend on various factors such as their size,
shape, surface chemistry, and other physicochemical proper-
ties. A primary mechanism of nanoparticle-induced toxicity is
the generation of reactive oxygen species (ROS), which leads
to oxidative stress. This can damage cellular components like
proteins, lipids, and DNA, ultimately causing cell dysfunction
or death. Nanoparticles can trigger ROS production directly
through their surface reactivity or by interacting with cellular
components like mitochondria [25]. Other toxicity mechanisms
include:

a. Direct cell membrane interaction: Nanoparticles can
physically damage cell membranes or initiate signaling
pathways that lead to cellular damage [26].

b. Dissolution and ion release: Some nanoparticles can
dissolve and release toxic ions that can impair enzyme
function or interact with DNA [26].

c. Inflammation: Nanoparticles can activate the immune
system, leading to the release of pro-inflammatory cyto-
kines and chronic inflammation, which is a risk factor for
various diseases [27].

4.2. Dose-response relationships

The dose-response relationship is a fundamental concept in
toxicology that describes how the magnitude of a toxic
response is related to the dose of the substance. For nanopar-
ticles, this relationship can be complex and non-linear. Factors
that influence the dose-response relationship for nanoparticles
include:

a. Size and Shape: Smaller nanoparticles generally exhibit
greater toxicity due to their larger surface area and
ability to penetrate biological membranes.

b. Surface Chemistry: The surface properties of nanoparti-
cles, such as charge and functionalization, can affect
their interactions with biological systems.

c. Aggregation: The tendency of nanoparticles to clump
together can influence their toxicity and dose-response
relationship.
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Establishing clear dose-response relationships for nanoparti-
cles is challenging due to the complexity of their toxicity
mechanisms and the variability in their physicochemical prop-
erties. Some studies have shown that for certain toxic effects,
like lung inflammation, the best dose metric may be surface
area or particle number rather than mass.

4.3. Accumulation in organs

Following exposure, nanoparticles can be distributed through-
out the body and accumulate in various organs, which can
lead to organ-specific toxicity. The primary routes of exposure
are inhalation, ingestion, and skin contact [28] in the following
organs:

a. Lungs: The lungs are a major site of nanoparticle accu-
mulation, especially after inhalation. This can lead to
inflammation, fibrosis, and other respiratory problems.

b. Liver and Spleen: After intravenous administration,
a significant portion of nanoparticles accumulate in
the liver and spleen. This accumulation can cause liver
toxicity and affect the immune system [29].

c. Kidneys: The kidneys are involved in the clearance of
some nanoparticles, and accumulation in this organ can
lead to renal toxicity [28].

d. Brain: Some nanoparticles are small enough to cross the
blood-brain barrier and accumulate in the brain, raising
concerns about neurotoxicity [28].

The biodistribution and accumulation of nanoparticles are
influenced by their physicochemical properties. For example,
surface modifications can alter the accumulation of nanopar-
ticles in specific organs. Long-term accumulation of non-
biodegradable nanoparticles, such as some metal-based nano-
particles, is a significant concern for chronic toxicity [29].

The passive targeting mechanism exploits the enhanced
permeability and retention (EPR) effect observed in tumor
tissues or inflamed sites, allowing nanoparticles to accumulate
due to leaky vasculature and poor lymphatic drainage [30]. In
contrast, active targeting involves functionalizing nanoparti-
cles with ligands (e.g., antibodies, peptides, or small mole-
cules) that bind selectively to overexpressed receptors on
target cells, thereby enhancing cellular uptake and site-
specific drug delivery [31].

5. Nanocarriers for phytochemical delivery

There are several kinds of nanoparticles, each offering distinct
advantages in terms of encapsulating and delivering phyto-
chemicals. These different nanoparticle systems not only
improve the bioavailability of these compounds but also
offer enhanced stability, solubility, and focused distribution,
which gives them great versatility for medical use [32].

5.1. Lipid-based nanoparticles

Lipid-based nanoparticles, such as liposomes and solid lipid
nanoparticles (SLNs), are widely used. Liposomes are spherical
vesicles made of a lipid bilayer. They have the ability to

contain both hydrophilic and hydrophobic substances [33].
This capability makes liposomes effective at enhancing the
stability and soluble nature of phytochemicals. They are
often used in medication delivery systems to increase the
bioavailability of encapsulated compounds and protect them
from degradation during storage and transport [34].
Additionally, liposomes help increase the efficiency of the
phytochemicals supplied by being able to target particular
tissues [35]. Another lipid-based solution is provided by solid
lipid nanoparticles (SLNs), which consist of a surfactant-
encapsulated solid lipid core [36]. These nanoparticles ensure
improved stability and controlled release, safeguarding sensi-
tive phytochemicals from degradation while releasing them
steadily over time. In situations where prolonged release is
advantageous, SLNs prove to be highly effective, reducing the
need for repeated doses and improving patient adher-
ence [37].

Solid lipid nanoparticles (SLN) and nanostructured lipid
carriers (NLC) are prominent lipid-based systems. They are
composed of solid lipids at room temperature, offering advan-
tages such as good biocompatibility, biodegradability, and low
toxicity [38]. They can encapsulate both hydrophilic and lipo-
philic phytochemicals, protecting them from degradation and
enhancing their stability. SLN and NLC have shown significant
potential in improving the bioavailability of plant sourced
bioactive compounds. Preclinical studies have demonstrated
their effectiveness in delivering phytochemicals for various
therapeutic  applications, including antioxidant, anti-
inflammatory, and anticancer treatments. Surface modification
of these nanoparticles is a key strategy to enhance their
stability and enable targeted delivery to specific tissues or
cells [38].

5.2. Polymeric nanoparticles

Polymeric nanoparticles (PNPs) are versatile nanocarriers made
from biodegradable and biocompatible polymers. They offer
excellent control over drug release kinetics, high drug loading
capacity, and the ability to be functionalized for targeted
delivery [39]. PNPs can protect encapsulated phytochemicals
from enzymatic degradation and improve their cellular uptake.
PNPs have been widely explored for delivering phytochem-
icals in various therapeutic areas, including cancer therapy,
inflammatory diseases, and neurodegenerative disorders.
Recent innovations include the development of ‘smart’ PNPs
that respond to specific physiological stimuli (e.g., pH, tem-
perature, enzyme activity) to achieve precise and on-demand
drug release at the target site. This responsiveness enhances
therapeutic efficacy and minimizes off-target effects. Despite
their promise, challenges such as potential toxicity of certain
polymers, scalability of production, and regulatory hurdles
need to be addressed for widespread clinical translation.
Future research focuses on developing novel biocompatible
polymers, optimizing fabrication techniques, and integrating
artificial intelligence for rational design and optimization of
PNPs [39]. Polymeric nanoparticles are commonly utilized in
drug delivery via the use of poly (lactic-co-glycolic acid)
(PLGA), a biodegradable polymer. Owing to its biocompatibil-
ity, PLGA is commonly employed because of its capacity to



provide sustained release of encapsulated compounds [40].
This polymer significantly improves the bioavailability and
therapeutic efficacy of phytochemicals, ensuring that the
active compounds remain in the body long enough to provide
therapeutic benefits. The adaptability of PLGA nanoparticles
allows their use in various formulations [41]. Derived from
crustacean shells, chitosan is a natural polymer that provides
a biodegradable and biocompatible nanoparticle system.
These nanoparticles made from chitosan are especially valu-
able for increasing the absorption of phytochemicals by the Gl
tract and their stability and solubility [42]. Consequently, chit-
osan nanoparticles are well suited for use in oral medication
administration systems, providing phytochemicals with
defenses against stomach breakdown and improving blood-
stream absorption [43].

5.3. Magnetic nanopatrticles

Magnetic nanoparticles (MNPs) are being extensively investi-
gated for their applications in targeted drug delivery, particu-
larly in cancer therapy, where they can deliver phytochemicals
directly to tumor sites under the influence of an external
magnetic field. Beyond drug delivery, MNPs are also used in
magnetic resonance imaging (MRI) for diagnostic purposes
and in hyperthermia for cancer treatment. Innovations include
the development of multifunctional MNPs that combine ther-
apeutic and diagnostic capabilities [44]. Magnetic nanoparti-
cles and metal-based nanoparticles such as gold and silver are
utilized in the encapsulation and transport of phytochemicals,
providing distinct characteristics that improve their therapeu-
tic potential [45]. Gold nanoparticles are well known for their
excellent biocompatibility and unique optical properties, mak-
ing them highly useful in applications related to imaging and
therapy. For precision distribution, they can be targeted to
particular cells or tissues by attaching particular ligands or
antibodies. Photothermal therapy uses gold nanoparticles,
which are heated by light to kill cancer cells [46]. Silver nano-
particles have strong antimicrobial characteristics that make
them appropriate for use in applications involving wound
healing and infection control. They can be added to creams,
gels, or wound dressings to transport phytochemicals with
antibacterial effects to the infection site, thereby facilitating
quicker healing and inhibiting the growth of harmful micro-
organisms [47]. Magnetic nanoparticles possess the unique
ability to be directed by external magnetic fields, enabling
the targeted delivery of phytochemicals to particular organs
or tissues. This characteristic is especially helpful for treating
cancer, as they can be targeted to tumor sites for both diag-
nostic and therapeutic purposes. Moreover, magnetic nano-
particles can be filled with phytochemicals and steered to
specific areas of the body for localized treatment, minimizing
general side effects [48]. MNPs are widely used for phyto-
chemical delivery, particularly in cancer therapy, where they
can enhance the efficacy of phytochemicals through synergis-
tic effects or by acting as photothermal/photodynamic agents.
Innovations include the development of smart metal based
nanocarriers that respond to specific stimuli for controlled
drug release, and their integration into diagnostic platforms
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for theragnostic applications. Challenges associated with
metal-based nanoparticles include potential toxicity, long-
term stability in biological systems, and issues related to
their synthesis and scalability. Future research is focused on
developing biocompatible and biodegradable metal-based
nanoparticles, exploring novel synthesis methods (e.g., green
synthesis), and optimizing their surface modifications for
enhanced targeting and reduced toxicity [49]).

Lipid-based, polymeric, and metal-based nanoparticles
have specific advantages for encapsulating phytochemicals.
They enhance solubility, improve stability, provide controlled
release, and target specific tissues, all of which contribute
significantly to enhancing the effectiveness of phytochemical-
based therapies [15,50]. Magnetic Nanoparticles (MNPs), typi-
cally composed of iron oxides, are gaining significant attention
due to their unique magnetic properties, which allow for
external manipulation and targeted delivery. They offer advan-
tages such as remote control over drug localization, noninva-
sive targeting, and potential for hyperthermia therapy. MNPs
can be functionalized with various biomolecules to enhance
their biocompatibility and targeting efficiency [44]. Metal-
based nanoparticles (MNPs), including gold nanoparticles
(AuNPs), silver nanoparticles (AgNPs), and others, possess
unique optical, electronic, and catalytic properties that make
them highly attractive for biomedical applications. They offer
advantages such as high surface area for drug loading, tunable
surface chemistry for functionalization, and inherent therapeu-
tic properties (e.g., anticancer, antimicrobial) [49].

Different classes of nanoparticles including liposomes, poly-
meric nanoparticles, and metallic nanoparticles, each offer
distinct advantages and limitations in the delivery of phyto-
chemicals. Liposomes, composed of phospholipid bilayers, are
highly biocompatible and can encapsulate both hydrophilic
and lipophilic phytochemicals, such as curcumin and querce-
tin. Their ability to mimic biological membranes allows for
efficient cellular uptake and reduced toxicity. However, lipo-
somes often suffer from limited physical stability, susceptibility
to oxidation, and relatively short shelf life [51]. In contrast,
polymeric nanoparticles, made from natural or synthetic poly-
mers like PLGA or chitosan, provide controlled release,
improved drug loading, and enhanced protection from enzy-
matic degradation. These features make them particularly sui-
table for poorly water-soluble phytochemicals and chronic
therapeutic regimens. Yet, they may face biocompatibility or
biodegradability issues, depending on the polymer used [52].

Metallic nanoparticles for example gold (AuNPs), silver
(AgNPs), and iron oxide nanoparticles are increasingly
explored for targeted delivery and diagnostic (theranostic)
applications due to their unique optical and magnetic proper-
ties. Their high surface area allows for functionalization with
ligands or targeting moieties, enhancing site-specific delivery
of phytochemicals like resveratrol or epigallocatechin gallate
(EGCG). Nonetheless, concerns remain regarding their long-
term toxicity, accumulation in organs, and lack of biodegrad-
ability, which may limit clinical use [53]. Overall, the choice of
nanoparticle system should be guided by the physicochemical
properties of the phytochemical, the intended route of admin-
istration, and the therapeutic target. For instance, liposomes
are favored for topical or intravenous delivery, polymeric NPs
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TYPES OF
NANOPARTICLES

{

Figure 2. Types of nanoparticles.

for oral and sustained-release formulations, and metallic NPs
for imaging-guided therapies and precision oncology.
A depiction of the types of nanoparticles is presented in
Figure 2.

5.4. Advantages and limitations of different
nanopatrticle systems

Lipid-based nanoparticles, including liposomes and solid lipid
nanoparticles (SLNs), are noted for their biocompatibility and
biodegradability, which stems from a composition that is simi-
lar to that of cell membranes [54,55]. This similarity facilitates
efficient cellular uptake and minimizes toxicity risks, making
them suitable for delivering a wide range of therapeutic
agents. They can be used for various routes of administration,
including dermal, pulmonary, oral, and intravenous. However,
there are some limitations to lipid-based systems, such as the
potential for instability, low drug-loading capacity, and rapid
clearance from the bloodstream by the immune system [17].

Polymeric nanoparticles are a highly versatile platform for
drug delivery, offering the ability to tune their properties for
specific applications. These nanoparticles can be engineered
to control the release of drugs, improve their stability, and
target specific tissues or cells [55,56]. The surface of these
nanoparticles can be modified with ligands to enhance cellular
uptake and minimize nonspecific interactions. Despite these
advantages, the use of polymeric nanoparticles is not without
its challenges. Concerns about their biodegradability and the
potential for long-term toxicity are significant limitations.
Additionally, the manufacturing process can be complex and
difficult to scale up, which can hinder their clinical transla-
tion [57].

Metal-based nanoparticles, such as those made of gold and
iron oxide, possess unique optical and magnetic properties
that make them useful for both diagnostic and therapeutic

purposes [58]. For instance, gold nanoparticles can be used in
photothermal therapy to selectively destroy cancer cells, while
iron oxide nanoparticles can serve as contrast agents in mag-
netic resonance imaging (MRI) [59]. However, a major draw-
back of metal-based nanoparticles is their potential for toxicity
and long-term accumulation in the body. Their non-
biodegradable nature raises concerns about their safety and
environmental impact, which can limit their clinical applica-
tions [60].

6. Efficacy of nanoparticle-encapsulated
phytochemicals

Nanoparticle encapsulation offers multiple advantages for
enhancing the delivery and therapeutic efficacy of phyto-
chemicals. These benefits include extended release, targeted
precision, improved absorption, and increased stability.
Collectively, these advantages make nanoparticle-based deliv-
ery systems crucial tools in modern drug development, allow-
ing phytochemicals to overcome their inherent limitations and
achieve their full therapeutic potential [14]. The revolution of
drug delivery systems utilizing nanoparticle encapsulation has
significantly enhanced the therapeutic efficacy of phytochem-
icals. Phytochemicals, which are derived from plants, are
bioactive compounds that frequently encounter obstacles
such as poor bioavailability, stability issues, and ineffective
delivery to their intended locations. NPs present a promising
remedy for these constraints, allowing for more efficient and
accurate delivery. There are various bioactive phytochemicals
encapsulated in nanoparticle formulations which are listed in
Table 1.

The advancement of nanoparticle-based delivery systems
for phytochemicals is driven by multiple interrelated chal-
lenges and therapeutic goals. While improving bioavailability
remains a critical focus due to the poor solubility, low



Table 1. Nanoparticle development for phytochemicals.
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Encapsulation Clinical
Study Title Phytochemical Nanoparticle Type Method Application Outcomes/Findings Reference
Curcumin Nanoparticles as Promising Curcumin Lipid Nanoparticles Solid lipid Cancer therapy Enhanced bioavailability [61]
Therapeutic Agents for Drug Targets nanoparticles (targeted drug and therapeutic effect in
delivery) cancer patients
Resveratrol-loaded PLGA nanoparticles: Resveratrol Polymeric Nanoemulsions  Antioxidant and Increased stability and [62]
enhanced stability, solubility and Nanoparticles anti- prolonged release
bioactivity of resveratrol for inflammatory
nonalcoholic fatty liver disease therapy effects
Green synthesis of gold nanoparticles Quercetin Gold Nanoparticles Solvent Anti-inflammatory, Improved absorption and [63]
using quercetin biomolecule from evaporation cardiovascular bioavailability
mangrove plant, Ceriops tagal: method health
Assessment of antiproliferative
properties, cellular uptake and DFT
studies
Acid-activatable polymeric curcumin Curcumin Chitosan lonic gelation Osteoarthritis Better joint health, reduced [64]
nanoparticles as therapeutic agents for Nanoparticles management inflammation
osteoarthritis
Solidified reverse micellar solution-based  artemisinin Solid-lipid Micelles Antimalaria and improve intracellular [65]
chitosan-coated solid lipid nanoparticle anticancer uptake and selective
nanoparticles as a new approach to properties cytotoxicity in cancer
enhance oral delivery of artemether in cells
malaria treatment
Bioavailability Enhancement of Paclitaxel ~ Paclitaxel Polymeric Micelles Breast cancer, promising carrier for the [66]
via a Novel Oral Drug Delivery System: (PTX) nanoparticle Refractory oral delivery of PTX
Paclitaxel-Loaded Glycyrrhizic Acid human ovarian,
Micelles Non-small-cell
lung carcinoma
Berberine encapsulated phenylboronic Berberine Phenylboronic Self-assembly of  Skin cancer Effective drug delivery [67]
acid-conjugated pullulan nanoparticles: acid-conjugated amphiphilic therapy system for skin cancer
Synthesis, characterization and pullulan-stearic pullulan therapy.
anticancer activity validated in A431 acid conjugate
skin cancer cells and 3D spheroids nanoparticles with
berberine
Enhancing apoptosis-mediated anticancer Evodiamine bovine serum Desolvation Anticancer activity Improved cytotoxicity, [68]
activity of evodiamine through protein- albumin (BSA) positioning ENPs as
based nanoparticles in breast cancer nanoparticles a propitious strategy for
cells advancing breast cancer
treatment
Synthesis, characterization, in-silico and in- Plumbagin Bovine serum Desolvation Anticancer studies Improving the therapeutic [69]
vitro anticancer studies of Plumbagin albumin (BSA)- efficacy of the
encapsulated albumin nanoparticles for based hydrophobic drug PLB
breast cancer treatment nanoparticles using biocompatible
albumin
Folate conjugated albumin as a targeted  Fisetin Folic Selfassembled Cancer therapy FFNPs as a promising [69]

nanocarrier for the delivery of fisetin: in
silico and in vitro biological studies

acidconjugated
bovine serum
albumin
nanoparticles

targeted drug delivery
nanocarrier for effective
FST delivery in cancer
therapy.

permeability, and rapid metabolism of many plant-derived
compounds, other critical drivers have emerged. One major
impetus is the need for targeted delivery to enhance tissue
specificity and reduce off-target effects, especially for com-
pounds like curcumin, quercetin, and resveratrol, which exhi-
bit broad but nonselective bioactivity. Nanoparticles can be
functionalized with targeting ligands (e.g., folate, peptides,
antibodies) to exploit receptor-mediated uptake pathways in
diseased cells such as tumors or inflamed tissues [15].
Additionally, nanoparticles enable protection of labile phyto-
chemicals from degradation due to pH, enzymes, and oxida-
tive stress, thereby preserving their bioactivity until reaching
the target site [70,71]. Controlled or sustained release profiles
are also crucial, particularly for chronic diseases, allowing for
reduced dosing frequency and improved patient compliance.
Furthermore, the ability to co-deliver multiple therapeutic
agents (e.g., phytochemicals with chemotherapeutics or
synergistic natural compounds) in a single nanoparticle

enhances efficacy and may overcome drug resistance [72].
The development of stimuli-responsive nanocarriers, which
release their payload in response to pH, redox potential, or
enzymatic activity, further exemplifies the precision sought in
modern phytochemical delivery strategies. Collectively, these
drivers represent a transformative shift in phytochemical
research from basic supplementation to targeted, controlled,
and clinically relevant nanomedicine platforms. NPs help
increase the effectiveness of phytochemicals by gradually
releasing the encapsulated compounds in a controlled man-
ner. This ensures that the phytochemicals are delivered
slowly over time instead of all at once, maintaining optimal
therapeutic levels and reducing potential side effects.
Additionally, nanoparticles may react specifically to certain
physiological cues at the intended location, ensuring precise
release when needed, thus improving therapeutic efficacy
and minimizing the risk of overdose or toxicity. The advan-
tages are listed below;
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6.1. Cancer therapy

In cancer therapy, encapsulation of phytochemicals such as
curcumin, quercetin, and resveratrol in polymeric or lipid-
based nanoparticles has shown improved cellular uptake, sus-
tained release, and enhanced cytotoxicity against various can-
cer cell lines, while minimizing systemic toxicity. For instance,
curcumin-loaded PLGA nanoparticles have demonstrated
superior anti-proliferative effects in breast and colorectal can-
cer models compared to free curcumin [73,74]. Treatment
precision can be significantly improved by using nanoparticles
that are specifically designed for targeted distribution and
controlled release. Researchers can precisely bind to receptors
on particular cells or tissues by adding targeting ligands on
the surface of nanoparticles [75]. By precisely delivering phy-
tochemicals to the desired locations, this focused technique
maximizes their therapeutic benefits and reduces any unin-
tended effects on healthy tissues. A notable example involves
the use of Herceptin-functionalized nanoparticles for breast
cancer treatment. Herceptin, an antibody that targets the
HER?2 receptor, was conjugated to nanoparticles that encapsu-
late curcumin, an anticancer phytochemical. This modification
significantly improved the accumulation of nanoparticles in
HER2-positive cancer cells, resulting in increased apoptosis
and reduced tumor growth in preclinical models [76].

Moreover, peptides such as RGD (arginine-glycine-
aspartate) have been employed to functionalize nanoparticles
to target integrin receptors, which are overexpressed in angio-
genic blood vessels associated with tumors. This strategy has
substantially improved the delivery of encapsulated phyto-
chemicals, such as resveratrol, to tumor sites, leading to
improved antiangiogenic and anticancer effects [77].
Anticancer phytochemicals can be delivered directly to
tumor areas via nanoparticles that are designed with antibo-
dies or peptides that identify particular markers on cancer
cells. This precision not only enhances treatment outcomes
but also reduces overall treatment toxicity, safeguarding
healthy cells from unnecessary damage [78].

Another crucial benefit of nanoparticle encapsulation is the
enhancement of bioavailability. Many phytochemicals have
poor solubility, which limits their ability to be absorbed into
the bloodstream. By making these substances more soluble
and promoting greater absorption, especially in the gastroin-
testinal system, nanoparticles can assist in overcoming this
problem [79]. Additionally, the encapsulation process shields
phytochemicals from degradation, which might occur because
of the harsh conditions in the body. This protection allows
a greater amount of the active compound to reach the blood-
stream and ultimately the target site, hence increasing the
treatment efficacy [80].

NPs increase the stability of phytochemicals, which are usually
susceptible to deterioration caused by light, heat, and oxygen in
the environment. By encapsulating phytochemicals, nanoparti-
cles form a protective barrier that guards against these harmful
conditions. This greatly extends the shelf-life of phytochemicals,
ensuring that they remain stable and effective for their intended
duration [10]. Additionally, nanoparticle treatment has demon-
strated significant promise. One study produced a hydrogel
nanocomposite to transport quercetin, a phytochemical with

anticancer effects, using chitosan, halloysite, and graphitic-
carbon nitride. The excellent encapsulation efficiency and load-
ing capacity of the nanocomposite resulted in increased apopto-
tic activity in MCF-7 breast cancer cells [81]. Long-lasting
therapeutic effects are facilitated by the sustained release of
quercetin from the nanoparticles, which decreases the frequency
of dosage while increasing the overall efficacy of treatment. The
application of nanoparticle encapsulation is not limited to phar-
maceuticals; it extends to food and healthcare products as well.
For example, the stability and bioavailability of bioactive sub-
stances in functional foods have been enhanced by the introduc-
tion of nanoparticles. The potent antioxidant epigallocatechin
gallate (EGCG) from green tea has been encapsulated in potato
starch nanoparticles. When food is processed at high tempera-
tures, nanoencapsulation improves the stability of EGCG, main-
taining its nutritional value [82]. This application shows how
nanoparticles can ensure that bioactive compounds in foods
remain potent, even under harsh processing conditions.

6.2. Wound healing

In wound healing, the encapsulation of phytochemicals with
anti-inflammatory and antioxidant properties has been proven
to accelerate the healing process and improve tissue regen-
eration. A notable example is nanoencapsulated curcumin,
which has been integrated into wound dressings to accelerate
healing and decrease inflammation. When delivered via nano-
particles, the natural therapeutic properties of curcumin are
better preserved and more effectively utilized at the wound
site [83]. Studies by [84], have demonstrated that nanoparti-
cles significantly enhance the direct application of healing
ingredients to the site, improving therapeutic results and
hastening healing. In wound healing, nanoparticles carrying
flavonoids, tannins, or alkaloids can accelerate tissue regen-
eration through enhanced antioxidant and anti-inflammatory
activity [85]. Chitosan-based NPs loaded with Centella asiatica
extract have been shown to promote collagen deposition and
re-epithelialization in diabetic wounds [86].

6.3. Other pharmacological activities

As antioxidants, phytochemical-loaded NPs help scavenge free
radicals more efficiently by ensuring controlled release and dee-
per tissue penetration, which is particularly beneficial in neuro-
degenerative diseases and oxidative stress-related conditions.
Moreover, in antimicrobial applications, silver or zinc oxide nano-
particles functionalized with plant-derived compounds such as
eugenol or catechins exhibit synergistic antimicrobial activity
against resistant bacterial strains [87]. Additional emerging uses
include anti-inflammatory, anti-diabetic, neuroprotective, and
cardioprotective applications, making phytochemical-based
nanodelivery systems a versatile tool in precision therapeutics.
NPs have also been employed in the delivery of anthocya-
nins, a group of phytochemicals known for their antioxidant
and anticancer properties. For example, carboxymethyl chito-
san (CMC) nanoparticles were utilized to encapsulate C3G,
a particular type of anthocyanin. When these nanoparticles
were tested in lung cancer cell lines, they showed minimal



cytotoxicity and greatly increased the antioxidant capacity of
the anthocyanins. This approach shows great potential for
targeted delivery to lung cancer tissues, providing a more
effective and less toxic treatment option [88]. The enhanced
bioavailability and therapeutic efficacy of anthocyanins
through nanoencapsulation open new possibilities for treating
lung cancer and other diseases where antioxidants play a vital
role. The encapsulation of nanoparticles has become a potent
technique for augmenting the medicinal properties of phyto-
chemicals in diverse domains, ranging from the development
of food and medical products to wound healing and cancer
treatment. By improving their stability, bioavailability, and
targeted delivery, nanoparticles are unlocking new potential
for these natural compounds in modern medicine and
beyond.

In addition, curcumin-loaded liposomes and solid lipid
nanoparticles have been evaluated in clinical trials for cancer
and inflammatory diseases, showing improved bioavailability
and therapeutic efficacy compared to unformulated curcumin
[89]. Quercetin-loaded PLGA nanoparticles have demonstrated
promising results in preclinical studies targeting cardiovascu-
lar and metabolic disorders and are being optimized for
human application due to their controlled release and
reduced cytotoxicity [90]. Additionally, resveratrol-loaded
nanocarriers, such as polymeric micelles and nanostructured
lipid carriers (NLCs), are in advanced preclinical and early-
phase clinical trials for neurodegenerative and cardiovascular
conditions [91]. Furthermore, berberine nanoformulations,
including chitosan and albumin-based nanoparticles, are
being explored for their enhanced glucose-lowering and lipid-
regulating effects in type 2 diabetes management.

Excipients are critical to the success of nanocarrier sys-
tems, serving not only as structural or stabilizing agents but
also as key enhancers of pharmacokinetic and therapeutic
profiles. For example, biodegradable polymers such as poly
(lactic-co-glycolic acid) (PLGA) and polycaprolactone (PCL)
are commonly used for their biocompatibility and controlled
release properties, helping to extend the circulation time of
encapsulated phytochemicals like curcumin and quercetin
[92]. Lipids such as phosphatidylcholine, cholesterol, and
glyceryl monostearate play structural roles in forming lipo-
somes and solid lipid nanoparticles, improving encapsulation
efficiency and protecting labile compounds from
degradation.

In addition, surfactants like Tween 80, poloxamers, and
lecithin are employed to reduce interfacial tension and stabi-
lize nanoparticles during formulation and storage. They can
also enhance permeability across biological membranes. Some
excipients, such as chitosan and alginate, provide mucoadhe-
sive properties or enable pH-sensitive release, ideal for target-
ing specific regions of the gastrointestinal tract or tumor
microenvironments [56]. Moreover, targeting ligands like folic
acid or transferrin are sometimes conjugated to the nanopar-
ticle surface to improve site-specific delivery. By elaborating
on these functional roles, the revised manuscript now offers
a clearer understanding of how excipients are strategically
selected to optimize stability, bioavailability, targeting, and
therapeutic action of phytochemicals in nanoparticle-based
systems.
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7. Relevant patents related to
nanoparticle-encapsulated phytochemicals

There are key patents related to nanoparticle-encapsulated
phytochemicals, which underscores the field's translational
and commercial potential. Several patents in recent years
have focused on improving the stability, bioavailability, and
therapeutic targeting of phytochemicals using nanocarrier
systems. For example, US Patent No. 10,493,056 B2 discloses
curcumin-loaded nanostructured lipid carriers designed for
enhanced absorption and sustained release in cancer therapy
applications. Similarly, a resveratrol-loaded nanoparticle for-
mulation using biocompatible polymers aimed at treating
inflammatory and neurodegenerative disorders. Another
example, covers a berberine-encapsulated chitosan nanoparti-
cle system for improved antidiabetic efficacy through oral
delivery. These patents highlight not only technical innovation
but also growing global interest in commercializing nanophy-
tomedicine platforms for chronic diseases such as cancer,
diabetes, and neuroinflammation [15,91].

8. Current and future applications of nanoparticle
encapsulation

Nanoparticle encapsulation has revolutionized various fields,
providing innovative solutions to challenges in food technol-
ogy, healthcare, cosmetics, and environmental monitoring.
Increasing the functionality, stability, and bioavailability of
drugs encapsulated with nanoparticles has created new
opportunities for enhancing product performance and medic-
inal results [93].

In food technology, significant strides have been made in
the development of nanoparticles by improving the stability
and functional properties of food ingredients. A key example
is the encapsulation of epigallocatechin gallate (EGCG),
a strong antioxidant presents in green tea, within potato
starch nanoparticles. This process enhances the thermal stabi-
lity of EGCG, making it suitable for use in functional food
products such as cookies, bread, and cakes without losing its
beneficial properties during high-temperature processing [94].
Additionally, nanoparticle technology can improve the nutri-
tional profile of food by protecting sensitive nutrients such as
vitamins and minerals from degradation during processing,
storage, and consumption. This ensures that consumers
receive the full benefits of these bioactive compounds, result-
ing in more nutritious food products [95]. Furthermore, by
serving as a barrier against oxygen, moisture, and other ele-
ments that cause spoil, nanoparticles have the potential to
increase the shelf-life of food products. By adding nanoparti-
cles to food packaging or directly into a product, producers
can extend the shelf life of the product, reduce waste, and
increase food safety [96].

In healthcare, nanoparticle encapsulation has a significant
impact, especially in the area of cancer treatment. Researchers
have developed liposomal micelles containing bilberry antho-
cyanins, which have high bioavailability and stability in the
gastrointestinal tract. The greater cytotoxic effects of these
encapsulated anthocyanins on cancer cells present
a promising avenue for cancer treatment in the future [97].
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NPs increase the effectiveness of treatments while reducing
negative effects by improving the targeted delivery of thera-
peutic substances to malignant areas. Additionally, by low-
ering the frequency of dosage, continuous and controlled
drug release made possible by nanoparticles can improve
patient compliance. This approach is not limited to cancer
therapy but extends to other areas of medicine, where precise
and efficient drug delivery is critical for effective treatment
outcomes [98].

The cosmetics industry is also benefiting from advance-
ments in nanoparticle technology, particularly in enhancing
the stability and efficacy of skin-care products. Lipid-based
nanoparticles facilitate improved absorption and more
obvious cosmetic effects by delivering active substances
deep into the skin [99]. These nanoparticles also stabilize
sensitive ingredients, preventing them from breaking down
and maintaining their potency over time. In addition to
improving the performance of skin-care products, lipid nano-
particles offer skin benefits such as increased hydration and
protection. By forming a barrier on the skin, they help retain
moisture and shield the skin from environmental damage,
making them valuable in developing advanced skin-care for-
mulations that offer long-lasting effects [100].

NPs also play a crucial role in environmental monitoring
and control. The ability of these sensors to detect pollutants
and pathogens at low concentrations makes them ideal for
use in advanced sensors that provide early warnings of con-
tamination in water or air [101]. These nanoparticle-based
sensors are highly sensitive and selective, offering a powerful
tool for safeguarding public health. Moreover, nanoparticles
have the potential to contribute to water and air purification
efforts by capturing harmful materials such as viruses, organic
contaminants, and heavy metals. NPs are an effective way to
eliminate pollutants from water, but in air purification systems,
they help improve air quality by trapping airborne tox-
ins [102].

In summary, nanoparticle encapsulation technology is
pushing the boundaries of innovation across multiple indus-
tries. The quality and efficacy of products in the food, health-
care, cosmetics, and environmental sectors are improved by
the use of nanoparticles through the enhancement of the
stability, bioavailability, and delivery of key chemicals. It is
anticipated that as nanoparticle technology research
advances, its applications will grow even more, presenting
fascinating new chances for creativity and problem solving in
the years to come [44].

9. Challenges and solutions in nanoparticle
encapsulation

Nanoparticle encapsulation has emerged as a revolutionary
technique with vast potential across various industries, espe-
cially in drug delivery, food technology, cosmetics, and envir-
onmental monitoring [103]. However, several challenges
remain, particularly concerning controlled release, material
and production costs, stability, shelf-life, and safety.
Overcoming these hurdles is critical for realizing the full
potential of nanoparticles in therapeutic applications [104].
Achieving controlled release is a prominent challenge in

nanoparticle encapsulation, particularly in drug delivery. The
ideal scenario involves nanoparticles releasing their therapeu-
tic payload only at a target site or upon exposure to specific
stimuli such as pH, temperature, or enzymes. Premature
release during transit can severely compromise the therapeu-
tic effect, especially for sensitive compounds such as phyto-
chemicals or anticancer drugs, which may degrade before
reaching the intended site [105]. A key example of overcoming
this challenge is the development of liposomal nanoparticles
for anticancer therapy. Liposomes, with their lipid bilayers
mimicking cell membranes, are engineered to encapsulate
both hydrophobic and hydrophilic drugs. These nanoparticles
can be designed to release their cargo only at specific loca-
tions, such as tumor sites, where an acidic pH or specific
enzymes trigger the breakdown of the nanoparticle [106].
The liposomal formulation of doxorubicin, known as Doxil, is
an example. It releases the chemical drug in response to the
acidic environment in cancer cells, minimizing its toxicity to
healthy tissues and enhancing the drug’s efficacy [107]. In
addition to liposomal nanoparticles, polymeric nanoparticles,
such as poly (lactic-co-glycolic acid) (PLGA), have shown pro-
mise for controlled drug release.

PLGA nanoparticles have been successfully used to encap-
sulate anti-inflammatory drugs, releasing them in a sustained
manner over extended periods, which helps prevent prema-
ture degradation during delivery [108]. The production of
nanoparticles is often costly due to the high-value materials
needed, including gold, silver, and specialized polymers, in
addition to the complex machinery needed for their synthesis.
This poses a significant barrier to the widespread use of
nanoparticles, especially in consumer products such as food
and cosmetics. To mitigate these costs, researchers have
turned to more sustainable and cost-effective materials.
Natural polymers such as chitosan, alginate, and starch are
being used to create nanoparticles that are not only more
affordable but also biocompatible. For example, the successful
encapsulation of curcumin in starch-based nanoparticles pro-
vides a less expensive and more eco-friendly alternative to
synthetic polymers.

Green chemistry techniques, such as the use of plant
extracts to reduce metal salts, also enable the cost-effective
synthesis of metal nanoparticles, making them viable for food
and cosmetic applications [109]. Further solutions to cost
issues lie in scaling up nanoparticle production via automated,
efficient manufacturing techniques. For example, microfluidic
platforms have been developed to produce nanoparticles that
are more controlled and reproducible at larger scales, redu-
cing costs and improving the consistency of nanoparticle for-
mulations [110].

Once nanoparticles are produced, maintaining their stabi-
lity is crucial to ensure their long-term effectiveness [111].
Environmental factors such as temperature, pH, and light
exposure can degrade nanoparticles, altering their structure
and diminishing their performance [112]. This issue is particu-
larly critical in pharmaceuticals, where the stability of drug
formulations is essential for maintaining therapeutic efficacy
and safety [113]. To address this, researchers have developed
stabilizing agents and protective coatings that increase the
stability of nanoparticles. For example, polyethylene glycol



(PEG) is often added to nanoparticles to prevent aggregation
and prolong the circulation time in the body. The PEGylation
of nanoparticles, a process of attaching PEG molecules to their
surfaces, is a common strategy to improve both their stability
and biocompatibility. A notable example is Abraxane,
a nanoparticle formulation of paclitaxel, which is encapsulated
in albumin nanoparticles coated with PEG to increase its sta-
bility and improve drug delivery efficiency [114]. Additionally,
thermoresponsive nanoparticles, whose structure changes in
response to temperature fluctuations, have been developed to
maintain stability during storage and transport, further
increasing their shelf-life [115].

One of the most significant challenges facing nanoparticle-
based products is ensuring their safety. Owing to their small
size, nanoparticles have unique properties that allow them to
interact with biological systems in ways that larger particles
cannot. While these properties make nanoparticles highly
effective for targeted drug delivery and enhancing bioavail-
ability, they also raise concerns about potential toxicity and
long-term health effects. Addressing these safety concerns
requires extensive toxicological research to assess the poten-
tial risks associated with nanoparticle exposure. In vivo studies
are essential for understanding how nanoparticles interact
with cells, tissues, and organs and whether they may accumu-
late in the body and cause adverse effects. Furthermore, bio-
distribution and pharmacokinetics studies are critical for
determining how nanoparticles are absorbed, distributed,
metabolized, and excreted by the body [116]. To mitigate
these risks, interest in the design of biocompatible and biode-
gradable nanoparticles that degrade safely in the body is
increasing [117]. For example, polymeric nanoparticles can
breakdown into nontoxic byproducts, making them safer alter-
natives to metal-based nanoparticles. To address safety con-
cerns, regulatory agencies such as the Food and Drug
Administration (FDA) and the European Food Safety
Authority (EFSA) are developing guidelines for the use of
nanoparticles in food, medicine, and cosmetics. For example,
the FDA requires comprehensive toxicological assessments of
nanoparticle drug delivery systems before they can be
approved for clinical use. These guidelines are crucial for
ensuring the safety of nanoparticle-based products before
they reach consumers [118].

10. Future prospects and innovations

The development of nanoparticle technology is on track to
make significant progress, especially in the customization of
nanoparticle formulations to meet specific requirements
across different sectors. Tailored nanoparticle formulations
are expected to be a key focus in research and development,
as the ability to customize nanoparticles to optimize their
size, surface characteristics, and release profiles can greatly
increase their efficacy in specialized uses [119]. In the field of
personalized medicine, it is possible to create nanoparticles
to deliver medication in a way that best suits each patient’s
individual needs, such as by targeting specific disease indi-
cators or adjusting release rates on the basis of metabolic
functions  [105].  Similarly, customized nanoparticle
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formulations could benefit functional foods by improving
the absorption of nutrients, ensuring that consumers receive
maximum nutritional advantages. Furthermore, the cosmetics
industry might witness the emergence of more advanced
cosmetic products that utilize nanoparticles customized for
different skin types, environmental conditions, or targeted
treatments, leading to more accurate and efficient skincare
solutions [120].

When combined with cutting-edge technologies such as
advanced manufacturing and artificial intelligence (Al), nano-
particle technology is promising. By using algorithms to pre-
dict and improve the characteristics of nanoparticle
formulations meant for certain applications, artificial intelli-
gence (Al) has the potential to revolutionize the design of
nanoparticles. This data-centered approach has the potential
to simplify the process of creating nanoparticles that fulfill
strict performance standards, thereby accelerating innovation
and minimizing trial-and-error in formulation procedures
[121]. Furthermore, advanced manufacturing methods, includ-
ing 3D printing and nanofabrication, could increase the effi-
ciency of nanoparticle production, decrease expenses and
make nanoparticle-based products more widely available. By
employing the capabilities of Al and state-of-the-art manufac-
turing, nanoparticle technology can continue to develop,
resulting in more intelligent and effective solutions across
various industries [122].

However, the ongoing expansion of this technology will
require ongoing advancements in regulation and safety to
guarantee the safety of nanoparticles for human use and the
environment. With the increasing integration of nanoparticles
into various consumer goods, such as food, cosmetics, and
pharmaceuticals, the establishment of strong regulatory fra-
meworks is imperative [123]. These frameworks not only
address nanoparticle toxicity but also consider their long-
term health effects and environmental impact. Adhering to
safety standards will be crucial for the successful introduction
of nanoparticle-based innovations. Regulatory authorities
must anticipate technological advancements by developing
thorough safety protocols and conducting rigorous testing to
minimize potential hazards [124]. The ongoing development
of nanoparticle technology will drive its full potential through
advancements in customization, integration with emerging
technologies, and regulatory frameworks, ultimately fostering
groundbreaking innovations in healthcare, food, cosmetics,
and environmental fields.

11. Conclusion

In summary, rapid advancements in nanoparticle technology
could have a large impact on a number of areas, such as
environmental monitoring, food technology, cosmetics,
healthcare, and cosmetics. As researchers continue to investi-
gate and enhance the capabilities of nanoparticles, the custo-
mization of formulations will be key in improving their
effectiveness in meeting specific requirements. Adapting
nanoparticles to optimize their size, surface characteristics,
and release patterns offers the promise of substantial
advancements in personalized medicine, functional foods,
and advanced cosmetic products.
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The combination of nanoparticle technology with emerging
technologies such as artificial intelligence and advanced manufac-
turing methods holds great potential for further progress. Al-
driven design and optimization can expedite innovation, whereas
advanced manufacturing techniques can increase production effi-
ciency and cost-effectiveness. Together, these advancements
could result in more intelligent, more efficient solutions and
broaden the scope of nanoparticle technology applications.

The advancement of technology requires careful consideration
of the associated regulatory and safety challenges. It is crucial to
establish strong regulatory frameworks and safety standards to
guarantee the environment and people’s safety when items con-
taining nanoparticles are used. Thorough safety evaluations and
strict adherence to guidelines are vital for supporting the success-
ful adoption and commercialization of these innovations.

In summary, the future of nanoparticle technology looks pro-
mising, offering the potential to transform industries and enhance
people’s lives. Continuous research, strategic integration with
emerging technologies, and dedication to safety and regulatory
excellence are essential for unleashing the full potential of nano-
particles and driving substantial progress in various fields.
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