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Abstract

Herbal medicine has long been integral to global healthcare systems due to its therapeutic versatility and cultural significance. Nevertheless, its clinical
utility is hampered by inherent limitations, such as low solubility and instability of numerous herbal bioactive. Nanotechnology has emerged as a
modern approach to overcoming these challenges by improving botanical compounds’ solubility, stability and targeted delivery. The objective of this
review article is to conduct a critical assessment of the application of nanotechnology to enhance the pharmacological properties of plant-derived
therapeutics in herbal medicine. This review also includes an analysis of the bioavailability and site-specific delivery of herbal bioactive by examining
advancements in Nano formulations, such as liposomes, polymeric nanoparticles, Nano emulsions and lipid-based carriers. Furthermore, the review
discusses the obstacles to clinical adoption of nanotechnology, including regulatory issues, production scaling issues and the necessity for longer-
term safety investigations. This discussion will be supportive to guarantee nanotechnology's safe and efficient incorporation into herbal medicine.
Nanotechnology has noteworthy importance for herbal medicines, like, to improve solubility, pharmacological activity enhancement, bioavailability,
stability enhancement and site-specific delivery of herbal bioactives. Nanotechnology's transformative potential for herbal medicine necessitates
large-scale human trials and comparative nano-delivery system investigations and interdisciplinary collaboration.
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preparations faces significant limitations such as poor absorbance &
instability related with plant-derived compounds (e.g., flavonoids,
polyphenols) which will suffer from low water solubility, rapid
metabolism and limited gastrointestinal absorption, drastically
reducing the amount reaching systemic circulation and the target site
(3,4). Additionally, these bioactive are often susceptible to degradation
by light, heat, moisture and microbial contamination during storage
and processing, diminishing their potency over time (5). Inconsistent
efficacy & lack of standardization including variations in plant species,
cultivation conditions, harvesting times, extraction methods and the
absence of precise dosage control led to significant batch-to-batch
variability in active ingredient content and concentration (2). This
inconsistency results in unpredictable therapeutic outcomes and
hinders reliable clinical application. These difficulties highlight the
necessity of contemporary technological strategies, such as nano-
formulation, sophisticated extraction methods and strict quality
control, to improve the stability, bioavailability and effectiveness of
herbal medications and successfully incorporate them into
contemporary healthcare systems (6, 7).

Introduction

Herbal medicine remains a comerstone of global healthcare, offering
complementary therapies and natural options for disease prevention
and treatment. Its significance is underscored by the fact that
numerous modem pharmaceuticals, like aspirin (derived from Salix
alba bark) and artemisinin (from Artemisia annua), originated from
plant bioactive (1). Herbs such as Gymnema sylvestre, garlic (Allium
sativum) and  turmeric  (Curcuma longa)  demonstrate
pharmacological benefits, often with fewer side effects than synthetic
drugs, making them valuable for managing chronic conditions like
diabetes, cardiovascular disease and inflammation (2). Furthermore,
their widespread availability and affordability, particularly in resource-
limited regions, solidify their role in diverse healthcare systems.
Globally, the World Health Organization estimates approximately 80 %
of people rely on herbal medicine for primary healthcare (WHO, 2023).
Furthermore, a 2023 WHO survey of 170 member states found that 88
% reported explicitly using traditional and complementary medicine
(TCM), with herbal medicines being the most prevalent modality,
highlighting its deep integration into national health systems." (WHO

Global Report on Traditional and Complementary Medicine 2023). "In Nanotechnology offers a transformative approach to

the United States alone, consumer spending on herbal supplements
reached USD 16.8 billion in 2024, reflecting a significant shift towards
natural health products in developed economies." (Statista, US Dietary
Supplements, 2024). However, the clinical utility of traditional herbal

overcoming these limitations. In this context, nanotechnology
involves designing and utilizing materials and delivery systems at the
nanometre scale (1-100 nm) specifically for herbal bioactive.
Nanocarriers can be modified to accumulate at disease locations

Plant Science Today, ISSN 2348-1900 (online)


http://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://crossmark.crossref.org/dialog/?doi=10.14719/pst.9646&domain=horizonepublishing.com
https://doi.org/10.14719/pst.9646
mailto:israt_jahanb872@yahoo.com
mailto:israt.bulbul@seu.edu.bd
https:/doi.org/10.14719/pst.9646

ISRAT ETAL

(e.g., tumours, inflamed tissues), improving efficacy and decreasing
off-target consequences and precisely load active substances and
control release characteristics, resulting in more uniform therapeutic
blood levels and predictable outcomes (8-9).

This review aims to explore the potential of nanotechnology
to enhance the safety, effectiveness and standardization of herbal
medicines. By integrating traditional knowledge with modern
scientific approaches, we can improve health outcomes and ensure
that herbal therapies are safe and effective. Understanding the
regulatory challenges and the pathways for clinical acceptance will
further strengthen the case for incorporating nanotechnology into
herbal medicine.

In summary, while traditional herbal medicine offers
promising therapeutic options, addressing its limitations through
advanced technologies like nanotechnology is essential for
maximizing its benefits and ensuring safe clinical use.

Materials and Methods

Researchers conducted an extensive literature review utilizing
several online scientific databases, including PubMed, Science
Direct, ResearchGate, Wiley and Google Scholar. The literature
search was structured and standardized to ensure transparency and
reproducibility. The initial search utilized specific keywords such as
"Traditional Herbal Medicine,” "Nanotechnology," "Herbal
Nanocarriers," and "Phytochemical Delivery Systems." These
keywords were selected to comprehensively cover the intersection
of herbal medicine and nanotechnology.

The inclusion criteria for the literature search were studies
published within the last 25 years, ensuring the availability of recent
and relevant findings. Only articles published in English were
considered to maintain consistency and accessibility of information.
Eligible study types included peer-reviewed original research articles,
reviews and clinical studies, as these provide reliable data,
comprehensive analyses and evidence-based insights.

The exclusion criteria ruled out articles that were not directly
related to herbal medicine or nanotechnology, as well as studies that
did not provide empirical data or failed to align with the specific
research objectives. This ensured that only relevant, evidence-based
and contextually significant studies were included in the review.

The selection process followed a systematic approach in line with
PRISMA guidelines. Initially, the search yielded a broad range of
articles, which were then screened in three stages:

Title and abstract screening

Articles were reviewed based on their titles and abstracts to
determine initial relevance. Selected articles underwent a full-text
review to assess their alignment with the inclusion criteria and
relevance to the research objectives.

Quality assessment

Each selected study was evaluated for methodological quality and
scientific rigor, ensuring that only high-quality studies were included.

Through this rigorous screening process, 40 papers were
identified as essential for this investigation due to their scientific
importance and relevance to the research aims. Comprehensive
follow-up investigations were performed on specific herbs
highlighted in these studies to provide more precise information on
their nanotechnology applications.
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By employing this structured literature search strategy, the
study aims to contribute to a clearer understanding of how
nanotechnology can enhance the efficacy and safety of traditional
herbal medicines.

Results and Discussion
Nanotechnology in drug delivery

Nanotechnology has completely transformed contemporary
medicine by providing novel approaches to illness diagnosis,
treatment and prevention using nanoscale materials and systems.
Medicine uses nanotechnology to construct and use nanoparticles,
liposomes, dendrimers and nano emulsions (7) to improve
medication delivery, increase therapeutic efficacy and lessen
adverse effects. Drug delivery systems based on nanoparticles, for
example, allow for the targeted delivery of medications to tissues or
cells, increasing bioavailability and reducing toxicity. This strategy is
beneficial in cancer treatment, as chemotherapeutic drugs are
delivered straight to tumour cells by nanoparticles such as
liposomes and polymeric micelles. Furthermore, therapeutic
applications of poorly water-soluble medications, such as numerous
herbal substances, are made possible by nano formulations, which
increase their solubility and stability (8).

Categories of nano carriers

Because of their high sensitivity and accuracy, nano-sensors and
quantum dots are employed in diagnostics to detect diseases like
cancer and infectious disorders early. Furthermore, research is being
done on the antibacterial and wound-healing properties of
nanomaterials like gold and silver nanoparticles. Nanotechnology in
medicine holds enormous promise for improving therapeutic
results, enabling individualized medicine and circumventing the
drawbacks of traditional treatments. From Table 1, we get a
summary of classified nanotechnology.

a) Liposomes are spherical vesicles made of phospholipid bilayers.
They are helpful for medication delivery because they can contain
both hydrophilic and hydrophobic substances. Table 1 shows that
the aqueous core contains hydrophilic medicines, whereas the
lipid bilayer contains hydrophobic compounds. Liposomes
increase therapeutic efficacy by preventing bioactive substances
from degrading, improving their stability and facilitating targeted
distribution to specific areas (10).

b) Nanoparticles consist of lipid-based, metal-based and polymeric-
based nanoparticles intended for precise and regulated
medication administration. Because of their antibacterial and
diagnostic qualities, metal nanoparticles, such as gold and silver,
are employed extensively. While lipid-based nanoparticles, such
as solid lipid nanoparticles (SLNs), shield delicate substances from
environmental deterioration and enhance bioavailability,
polymeric nanoparticles, such as PLGA (polylactic-co-glycolic
acid), guarantee prolonged and regulated drug release (7).

¢) Nano-emulsions, defined by oil-in-water or water-in-oil
dispersions stabilized by surfactants, are thermodynamically
stable. These systems improve the solubility, absorption and
bioavailability of herbal components that are weakly soluble by
increasing their dispersion. Additionally, nano-emulsions aid in the
systemic transport of phyto-compounds and shield them against
deterioration (11).
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Table 1. Nanocarrier systems for drug delivery

Nanocarrier Composition

Key Advantages Application

-Encapsulates both hydrophilic (core) & hydrophobic

Liposomes Phospholipid bilayers (aqueous core

(bilayer) drugs. Cardiovascular drugs, anticancer

Nanoparticles

Nano emulsions

Micelles

-Lipid based (SLNs, NLCs)
-Polymeric (PLGA, chitosan)
-Metal based (Gold, Silver)

Amphiphilic (hydrophobic core +
hydrophilic shell) molecules

Oil-in-water or water-in-oil droplets

+lipid bilayer) -Enhances stability & targeted delivery
- Reduces degradation
- Controlled/sustained release (polymeric)
- Antibacterial and diagnostic (metal NPs)
-High bioavailability (lipid NPs)
Improves solubility of poorly soluble drugs
-Thermodynamically stable
-Enhances absorption and bioavailability
Solubilizes hydrophobic drugs in aqueous media
-Small size (~ 10-100 nm)
-Psasive targeting (EPR effect)
-Dramatically increases dissolution rate & saturation

surfactants

agents, vaccines, gene therapy

Cancer therapy, antimicrobials,

imaging, oral/vaccine delivery
Topical oral delivery of

phytochemicals, essestial oils,
neutraceuticals

Chemotherapy (herbal extracts)

Pure drug particles (nanometer size)

Nanocrystals + stabilizers

-No need for organic solvents

Poorly water soluble drug (eg.
Curcumin, flavonoids, antifungal
agents)

solubility

-High drug loading

d)Micelles can solubilize hydrophobic molecules in aqueous
conditions because they self-assemble amphiphilic molecules
with a hydrophilic shell and a hydrophobic core. In addition to
enhancing their stability and transport to the target tissues, they
increase the solubility and bioavailability of herbal constituents or
medications poorly soluble in water (12).

€) Nanocrystals, pure solid drug particles with diameters in the
nanometre range that are stabilized by surfactants, are called
nanocrystals. From Table 1, expanding the surface area available
for dissolution considerably improves the solubility and
bioavailability of herbal components. Nanocrystals, such as
curcumin and flavonoids (13), enhance absorption and
therapeutic benefits and are especially advantageous for phyto-
compounds that are poorly soluble in water.

Rights to intellectual property and commercialization of nano-
herbal formulation

Nanotechnology in herbal medicine has catalysed advancements in
medication transport and formulation, generating prospects for
patentable inventions (Pl) and commercial enterprises. This
convergence also presents issues in intellectual property protection,
regulatory compliance and market scalability. Here, some lists were
givenin Table 2.

Curcumin (Turmeric)

Turmeric contains curcumin, a polyphenolic molecule with ant-
inflammatory and anti-cancer effects. Nevertheless, its therapeutic
potentialis limited by its low solubility and poor absorption.

a) Nanotechnology approaches: Utilizing nanotechnology, particularly
polymeric nanoparticles, has shown promise in improving curcumin's
solubility and stability. These nanoparticles enhance their dispersion in
water, increase gastrointestinal absorption and protect them from
rapid degradation. Studies have demonstrated that curcumin
encapsulated in polymeric nanoparticles exhibits enhanced ant+
inflammatory and anticancer activities, leading to better therapeutic
outcomes in conditions like arthritis and cancer (14).

b) Liposomal curcumin: To improve curcumin's bioavailability,
incorporating it into liposomes spherical vesicles with a lipid bilayer
has been explored. This method enhances curcumin's transport and
absorption in the body, potentially increasing its therapeutic efficacy
(15).

¢) Natural Deep Eutectic Solvents (NADES): Research into dissolving
curcumin in NADES has indicated potential benefits in enhancing its
solubility and stability. This approach may offer a viable method for
improving curcumin's bioavailability and therapeutic application
(16). These advancements suggest that employing such strategies
can significantly improve the therapeutic potential of curcumin in
treating various inflammatory and cancerous conditions.

Table 2. List of patent formulations based on herbal medicine with nanotechnology

Bioactive . . s Nanotechnology
Compound Source  Therapeutic Properties Limitations Approach Enhanced Effects References
Polymeric Improved solubility,
Low solubility, poor nanoparticles, bioavailability and stability;
Curcumin Turmeric Antlgrr:iliigwnr?:rtory, absorption, rapid liposomal curcumin, enhanced anti- (23-25)
degradation Natural Deep Eutectic inflammatory and
Solvents (NADES) anticancer effects
. O Better solubility, improved
Resveratrol Grapes Antioxidant, dli_f?i‘lgut)lgi\:igsialg ?Pl{e Liposomal BBniE fc? e;cgz:;icot?\;: gpfggtcsed (26)
P neuroprotective blood-brain barrier encapsulation (e gp Alzheimer’s
(BBB) Parkinson’s)
Flavonoid Nanoemulsions (oil- Increased solubility,
Quercetin (fruits Antioxidant, anti- Poor water solubility, water interface absorption and distribution; (27-29)
ve etabl’es) inflammatory, antiviral  low bioavailability stabilized by stronger anti-inflammatory
g surfactants) and antioxidant effects
Hepatoprotective (liver Poor solubility, rapid Enhigiggt?obns?r?rﬂon,
Silymarin Milk Thistle diseases like hepatitis,  metabolism, low Lipid nanoparticles metabpolism imoroved liver (30-32)
cirrhosis) bioavailability prote ct?o ;
Polymeric nanocarriers, Increased solubility
. Berberis Antidiabetic, Low bioavailability, gum-based stability, cellular uptai(e;
Berberine species antimicrobial poor water solubility r:\irr\%cpc;ragi)clfeéesﬁlﬂ:zlrlﬁcc stronger antimicrobial and (33-35)

F127 micelles antidiabetic effects

Plant Science Today, ISSN 2348-1900 (online)



ISRAT ETAL

Resveratrol (Grapes): The polyphenolic chemical resveratrol present in
grapes is well known for its antioxidant and neuroprotective
properties. However, the entire therapeutic potential of this substance
is limited by its low bioavailability. Resveratrol's solubility and
bicavailability are improved when it is encapsulated in liposomes,
making it easier to pass through the blood-brain barrier (BBB) and
have neuroprotective effects. The chemical is now a promising
therapeutic candidate due to its improved ability to fight neurological
illnesses, including Parkinson's and Alzheimer's, due to liposomal
formulations (17).

Quercetin (Flavonoid): The flavonoid quercetin, which has antiviral,
anti-inflammatory and antioxidant qualities, has problems since it is
not very soluble in water. Nano emulsions have been created to
increase quercetin's solubility and therapeutic effectiveness. Using
surfactants to stabilize the oil-water interface, nano emulsions
improve quercetin's bioavailability, facilitating improved absorption
and distribution throughout the body. These formulations also
improve the compound's anti-inflammatory and antioxidant
properties, increasing its potential to treat ailments like diabetes,
inflammatory disorders and cardiovascular diseases (18-20).

Silymarin (Milk thistle): Milk thistle's primary component, sitymarin, is
well-known for its hepatoprotective properties, especially when it
comes to treating liver conditions like cirrhosis and hepatitis. However,
its therapeutic usage is limited by its poor bioavailability, which is
caused by its quick metabolism and poor solubility. From Table 2, lipid
nanoparticle application has demonstrated encouraging outcomes in
enhancing silymarin's bioavailability. Lipid-based nanocarriers boost
silymarin's absorption and shield it from metabolic breakdown,
improving liver protection and therapeutic effectiveness (21-23).

Berberine (Berberis species): A substance called berberine, present in
many plants, including Berberis species, has been shown to have
antibacterial and antidiabetic properties. Low bioavailability,
however, prevents it from being used in clinical settings. Developing
polymeric nanocarriers has enhanced berberine's solubility, stability
and bioavailability. These nanocarriers increase the compound's
antibacterial activity through improved absorption into cells and
tissues, increasing its efficacy against infections and metabolic
diseases. In comparison to pure berberine, berberine's in vitro
antidiabetic and antibacterial properties are much increased when it
is nano encapsulated in gum-based nanocomplexes, indicating
increased  bioavailability (24). Scientists created shellac
nanoparticles functionalized with octadecyl trimethylammonium
bromide and Poloxamer 407 to encapsulate berberine. Due to the
enhanced attraction between the cationic nanocarriers and anionic
cell surfaces, which results in a larger local concentration of
berberine, these nanocarriers demonstrated a strong amplification
of berberine's antimicrobial efficacy across various bacteria (25). To
address berberine's poor water solubility and bioavailability,
Pluronic F127 micelles containing berberine were developed in
earlier studies. According to the micelles' enhanced drug loading,
stability and sustained release profile, polymeric micelles may be a
viable nanocarrier for boosting the therapeutic effectiveness of
berberine (26). Table 2 highlights the patent formulations based on
herbal medicine with nanotechnology.

Herbal drugs with Artificial Intelligence (Al)

The design and optimization of nanocarriers using Al and Machine
Learning (ML) have the potential to transform the herbal medicine
industry completely. Al algorithms can process large preclinical and
clinical research datasets to forecast the best way to formulate

herbal compounds using nanotechnology. These algorithms can all
aid in selecting the most appropriate materials for nanocarriers, the
creation of nanoparticles with surface characteristics and predicting
their biological interactions within the body. Furthermore, Al could
help customize herbal treatments according to a person's genetic or
molecular profile and maximize the scalability of nanocarrier
production by identifying effective manufacturing processes. The
development of innovative herbal formulations that are safer, more
effective and customized to each patient's needs can be significantly
accelerated by Al's capacity to analyze complex datasets.

Benefits of nanotechnology in medicine
Enhanced solubility and stability

Nanotechnology greatly enhances the solubility and stability of weakly
water-soluble compounds frequently found in pharmaceutical
formulations and herbal remedies. By increasing the surface area of
bioactive chemicals, nanocarriers like liposomes, nanoparticles and
nano emulsions facilitate improved solubility in biological fluids. This
increased solubility allows for better absorption in the gastrointestinal
tract, which improves bioavailability. Furthermore, nanocarriers
extend the shelf life and therapeutic efficiency of sensitive substances
by shielding them from environmental deterioration brought on by
oxidation, light, or heat (27).

Targeted drug delivery to specific tissues

Nanotechnology makes targeted medicine delivery possible,
lowering systemic exposure and adverse effects. By altering their
surface properties to identify specific receptors or using external
stimuli like magnetic fields or pH changes, nanoparticles and
nanocarriers can target specific tissues or cells, like cancer cells or
areas of inflammation. By providing the therapeutic chemicals
precisely to the site of action, this focused method maximizes
therapeutic efficacy and minimizes off-target effects (6, 28).

Controlled release mechanisms

Nanocarriers allow the controlled and sustained release of bioactive
chemicals, which ensures a consistent and long-lasting therapeutic
effect. This technique is invaluable for chronic illnesses, where stable
medication levels are necessary for effectiveness. By gradually
releasing their payloads, nanoparticles, liposomes and micelles can
be made to administer drugs less often and increase patient
compliance. Controlled release also reduces toxicity by preventing
high peak drug concentrations (29-31).

Studies and advances
pharmacodynamics

in pharmacokinetics and

Pharmacokinetics: Enhanced absorption and prolonged halflife of
herbal extracts with nanocarriers

Several studies have demonstrated how nanotechnology enhances
the pharmacokinetics of herbal extracts by improving absorption,
bicavailability and prolonging half-life. For example, curcumin, a
poorly soluble compound, has been encapsulated in polymeric
nanoparticles to improve its bioavailability. Curcumin, a polyphenol
compound extracted from the turmeric rhizome, exhibits various
biological activities, including antibacterial, anti-inflammatory, anti-
cancer and antioxidant properties. However, its poor solubility leads
to low bioavailability. Previous studies (32) showed that curcumin-
loaded nano-liposomes coated with chitosan and alginate have
been developed, resulting in enhanced intestinal absorption and
improved therapeutic efficacy compared to conventional curcumin
formulations.
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Similarly, resveratrol, a polyphenol with strong antioxidant
capacity but poor bioavailability and light instability, benefits from
encapsulation in liposomes. Resveratrol-encapsulated liposomes
maintain an intact membrane structure during digestion, improving
cellular absorption and enhancing therapeutic effects (33).

Pharmacodynamics: Increased potency of herbal drugs due to targeted
delivery

Nano carriers improve the pharmacokinetic properties of herbal
compounds and enhance their pharmacodynamics by enabling
targeted delivery. For instance, resveratrol-loaded PEGylated
liposomes have demonstrated increased systemic circulation time
and improved brain distribution, enhancing their potential for
treating neurological disorders (34).

Comparative analysis of traditional vs. nano-formulations in
preclinical/clinical trials

Comparative studies have shown that nano formulations often
outperform traditional herbal formulations. For example, curcumin-
loaded nano gels are at least twice as potent as free curcumin,
possibly due to enhanced uptake (35). Similarly, resveratrol nano
formulations have shown improved bioavailability and therapeutic
efficacy compared to traditional formulations (36).

In contrast, traditional herbal formulations often suffer from
poor absorption, low bioavailability and short half-lives, which limit
their therapeutic efficacy. Nanotechnology-based drug delivery
systems overcome these limitations, offering targeted, controlled
and sustained drug release that maximizes therapeutic outcomes
and minimizes side effects.

Commercial applications and patents

Review of commercially available nanotechnology-based herbal
formulations

Nanotechnology-based formulations have been developed to
enhance herbal compounds’ bioavailability and therapeutic efficacy.
Below are references related to the mentioned formulations: A
review discusses curcumin's bioavailability challenges and
nanoparticle technology's potential to enhance its absorption and
therapeutic effects (37). A comprehensive overview of curcumin's
bioavailability issues and the advancements in nanoparticle
formulations to improve its therapeutic efficacy (38).

A study explored how reducing the particle size of silymarin
can improve its solubility, absorption and therapeutic performance.
Another review summarized recent formulation techniques
designed to enhance the bioavailability of silymarin through modern
drug delivery approaches (21). These references provide insights into
the advancements in nanotechnology-based herbal formulations,
explicitly focusing on curcumin and silymarin and their improved
therapeutic potentials.

Patents filed for nanotechnology in herbal medicine

Numerous patents aiming at improving the delivery, bioavailability
and therapeutic efficacy of herbal compounds have resulted from
incorporating nanotechnology into herbal medicine. Famous
instances consist of:

Numerous patent applications have been filed to increase
the solubility and bioavailability of nanocurcumin. Theracurmin®, for
example, filed patent US7348187B2, which describes a preparation
of curcumin that uses nanoparticles to increase its solubility in water.
This allows for improved absorption and therapeutic effects. This
formulation has overcome curcumin's limitations for clinical use.

Another well-known application of nanotechnology
patenting is encapsulating resveratrol in liposomes or nano
emulsions for improved bioavailability. US20170203532A1, a
noteworthy patent in this field, explains how liposomal resveratrol
can improve pharmacokinetics and delivery, increasing its potential
for treating cardiovascular and neurodegenerative diseases (39, 40).

Silymarin nano-formulation, particularly ~ with
nanostructured lipid carriers (NLCs), has been the subject of patent
applications. The US20170239278A1 patent, for instance,
describes a process for creating nanoscale silymarin particles for
enhanced bioavailability and liver protection (41).

Numerous patents, including US9512237B2, have addressed
the formulation of berberine in a polymeric nanoparticle for
improved absorption and increased antimicrobial activity, as well as
polymeric nano carriers for improved berberine delivery. By
improving berberine's solubility and bioavailability, this invention
strengthens its defences against infections and metabolic diseases
(23).

These patents highlight the noteworthy developments in
nanotechnology-based herbal formulations, which enable better
therapeutic results and broader global commercialization of
conventional herbal compounds.

Challenges and limitations of nano-herbal formulations
Variable pharmacokinetics

Changes in gastrointestinal circumstances, enzyme activity and first-
pass metabolism can also affect the pharmacokinetics of herbal
substances, resulting in notable alterations in the plasma
concentrations of these compounds. For instance, curcumin’s limited
absorption and quick elimination contribute to low and irregular
systemic levels despite its strong pharmacological activities (42,43).

These pharmacokinetic irregularities may compromise the
effectiveness and dependability of herbal remedies. Advanced
medication delivery methods, like formulations based on
nanotechnology, may help with these issues by making herbal
ingredients more soluble, encouraging regulated release and
increasing their systemic availability.

Dose escalation and toxicity risks

Because of the high dosages needed to provide therapeutic results,
dose escalation and toxicity risks are significant issues in herbal
therapy. Large doses are required for clinical efficacy since several
herbal components, including polyphenols, flavonoids and
terpenoids, have poor pharmacokinetic characteristics and low
bioavailability (2). Furthermore, when used without appropriate
regulation or medical supervision, the unpredictability and lack of
standardization of herbal medicines might increase the danger of
overdosing and unintentional toxicity. Long-term high-dose treatment
may compromise patient safety by causing nephrotoxicity,
hepatotoxicity, or herb-drug interactions (44). To overcome these
obstacles, bioavailability must be increased using cuttingedge
delivery methods like nanotechnology. These methods can lower the
necessary therapeutic dosage, lower the risk of toxicity and guarantee
safer administration of herbal medications.

Stability issues
Since many phyto-compounds are susceptible to deterioration
when exposed to light, heat, moisture and oxidative stress, stability

problems are a significant problem in herbal therapy. These
environmental elements may cause the active ingredients to
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degrade, which would lessen their potency and therapeutic
effectiveness (45). For example, polyphenols, flavonoids and
essential oils are highly vulnerable to oxidation, reducing their
bioactivity and shortening their shelf life (46).

Likewise, substances like catechins and curcumin break
down quickly in heat and light, reducing their usefulness in
traditional formulations. The quality and uniformity of the final
product are compromised by oxidative stress, which speeds up the
deterioration process even more, particularly in herbal medicines
that are not adequately preserved. Advanced formulation
techniques like encapsulation, nano emulsions and solid lipid
nanoparticles (SLNs) are used to overcome these obstacles. These
techniques aim to protect phyto-compounds from environmental
stressors, improve their stability and extend their shelf life for better
therapeutic results (7).

Cost and scalability of nanotechnology for herbal medicine

Scalability and production costs are two major obstacles to the use
of nanotechnology in herbal medicine. Creating in lipid-based
carriers, nanoparticles and nano emulsions frequently require
sophisticated technologies, specialized tools and strict quality
control procedures, raising production costs. For example, creating
polymeric  liposomes and nanoparticles requires expensive
materials and intricate procedures, making it challenging to produce
at reasonable costs. Furthermore, maintaining consistency in the
size, shape and surface properties of nanoparticles may be difficult
for large-scale manufacturing, which could affect the safety and
effectiveness of the particles. These elements may limit the
widespread use of nano formulated herbal medicines, particularly in
low-income markets, by making them unaffordable(47-49).

Regulatory hurdles and safety concerns regarding nanocarrier
formulations

Since many nations lack precise nanomedicines' safety and
approval procedures, the regulatory environment for
nanotechnology-based herbal formulations is still developing.
Manufacturers are uncertain because regulatory bodies such as the
European Medicines Agency (EMA) and the U.S. Food and Drug
Administration (FDA) have not yet set precise guidelines for
nanotechnology-enhanced herbal products. This delays the
commercialization of nano-based herbal formulations, making it
difficult to get approval. Furthermore, little is known about the long-
term safety of nanocarriers, particularly about the risks associated
with their possible buildup in the body. Toxicity concerns include the
potential for organ toxicity, immunological responses and cellular
damage from nanoparticles. The absence of thorough research on
the safety profile of nano herbal formulations could endanger public
health and make the approval process more difficult (50-52).

Standardization and quality control challenges in combining
nanotechnology with herbal medicine

Standardizing the finished product is a significant challenge when
developing herbal medicine nano formulations. Due to variables like
location, growing conditions and harvesting time, herbal medicines
naturally differ in their chemical makeup, which results in uneven
therapeutic outcomes. Because of the intricate nano formulation
procedures required, applying nanotechnology to these variable
compounds makes maintaining consistent quality and potency
even more difficult. Size distribution, surface charge and
encapsulation efficiency must be described for nano carriers and it
can be challenging to guarantee the reproducibility of these

parameters on a large scale. The need for standardized
manufacturing procedures and rigorous testing for each batch
produced makes quality control even more crucial. Furthermore,
new challenges in formulation stability, bioavailability and safety are
introduced when nanotechnology is combined with herbal
products; these issues need careful testing and validation before
commercial marketing,

Future prospects of nanotechnology in herbal medicine

Emerging trends and smart nano carriers (Stimuli-responsive delivery
systems)

Recent advancements in nanotechnology have led to the
development of stimuli-responsive nanocarriers (also known as
innovative delivery systems), which enable precise, controlled
release of herbal therapeutics in response to environmental cues
such as P", temperature, light, or enzymatic activity (53, 54). These
systems enhance therapeutic efficacy by targeting specific biological
microenvironments. For instance, pH-sensitivenanoparticles can
selectively release herbal compounds in acidic tumour tissues or the
gastrointestinal tract, minimizing off-target effects (55). Similarly,
temperature-responsive carriers release payloads in hyperthermic
or inflammatory regions, while light-triggered systems allow
spatiotemporal control over drug delivery (56, 57). Such innovations
improve bioavailability and reduce systemic toxicity, addressing
longstanding challenges in herbal medicine delivery (54).

Enhancing personalized herbal medicine with nanotechnology

Nanotechnology holds transformative potential for personalized
herbal medicine by integrating pharmacogenomics and genomic data
to tailor treatments to individual patient profiles (58, 59). Smart
nanocarriers can be engineered to target cellular or tissue-specific
markers influenced by genetic variations, optimizing therapeutic
outcomes. For example, Al-driven algorithms enable the design of
nanocarriers that accommodate genetic polymorphisms affecting
drug metabolism, thereby enhancing efficacy while mitigating adverse
effects (60, 61). This approach facilitates precision dosing, timing and
delivery, creating patient-specific regimens that maximize therapeutic
benefits (62). The convergence of Al, genomics and nanotechnology
may redefine herbal medicine by enabling data-driven, individualized
therapies (59). Integrating Al-driven design, stimuli-responsive
nanocarriers and personalized medicine represents a paradigm shiftin
herbal therapeutics. These technologies promise to enhance
therapeutic precision, reduce side effects and improve patient
adherence through tailored formulations. Future research should
prioritize clinical validation of these systems and address scalability
challengesto ensure translational viability (Table 3).

Potential for personalized herbal medicine through nanotechnology

The development of customized herbal medicine could be
significantly aided by nanotechnology. Nanocarriers combined with
developments in pharmacogenomics and genomics can be used to
create customized herbal treatments tailored to each patient's
particular requirements. To maximize the delivery and effectiveness
of herbal medications, nanocarriers can target specific cells or tissues
according to a person's genetic profile or current state of illness.
Herbal formulations, for instance, might be modified to address
genetic variations that affect drug metabolism or response,
improving therapeutic results while reducing side effects.
Nanotechnology-enabled personalized medicine presents the
potential for creating customized treatment regimens that maximize
the dosage, timing and targeting of herbal remedies, which could
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Table 3. Future prospects of nanotechnology in herbal medicine

Aspect Key Concepts

Mechanism/Example

Advantages Future Focus/Outlook References

pH, temperature, light

pH-sensitive nanoparticles

) ) ) and enzyme- r_el_ease herbal comp_ounds in - Targeted delivery o o
Stimuli-Responsive responsive acidic tumor or Gl environments; - Controlled release Clinical validation and
Nanocarriers (Smart nanocparriers for temperature-responsive systems Enh dbi ilabili optimization for scalable,  (53-57)
Delivery Systems) trolled d actin inflamed areas; light- - Enhanced bioavailability ¢qt_effective production

controned drug  triggered allow spatiotemporal -Reduced systemic toxicity

release delivery
. - Use of patient-specific Nanocarriers designed to target i Research on gene-drug-
E}fgrgr?atlc%n e\;\?llf)hmics & genetic information  tissue/cell markers based on _Pgrsgpnilzlzzde;:s;ipy nanocarrier interaction (58-59)
Genomic Dgata to design tailored genetic variations influencing opur ) Yy ns; precision herbal
nanocarriers drug metabolism - Minimized side effects formulation
Artificial intelligence -

used to pred%ct Al aloorithms simulate d - Precision dosing and Integration Ofgh

i . b algorithms simulate drug- timin genomics an

'SlesDi”xen Nanocarrier modﬁésgga?ﬁgrrmze carrier-tissue interactions for - Enhanced tgr otin nanotechnology for (60-61)
g structures and individualized formulation | q dhg g personalized herbal
- Improved adherence i
responses P therapeutics
Customized - Higher therapeutic

formulations based
on patient’s genetic
and physiological
profile

Personalized Herbal
Medicine

Convergence of smart
nanocarriers, Al and
genomics

Overall Future

Outlook nanomedicine

Adjust herbal therapy to genetic
polymorphisms affecting drug
metabolism or response

Development of precision herbal

outcomes Translation to clinical
- Fewer adverse effects settings; ethical and (62)
- Data-driven regulatory frameworks

personalization
- Enhanced therapeutic
precision - Reduced side

Validation, scalability and )
i |mpr§]:/f§;tps)atient global implementation (56, 63-66)
outcomes

result in more potent therapies with fewer adverse effects. As this
field develops, combining genomic data and nano medicine may
create new opportunities for creating safer and more effective
precision herbal treatments.

In summary, advances in smart nanocarriers, Al-driven
design and personalized medicine are opening the door to more
individualized and efficient treatment options, making the future of
nanotechnology in herbal medicine extremely bright (Table 4). As
these technologies advance, they could significantly improve the
therapeutic effectiveness of herbal remedies while reducing adverse
effects and improving patient outcomes (56, 63-72).

Conclusion

Nanotechnology has the potential to revolutionize the field of herbal
medicine by addressing key challenges such as poor bioavailability,
instability and variability in efficacy. Using advanced nanocarriers,
such as liposomes, polymeric nanoparticles, nano emulsions and
micelles, nanotechnology enhances the solubility, stability and
bioavailability of phyto-compounds, making them more effective in
therapeutic applications. Moreover, the ability to target specific
tissues and organs with stimuli-responsive systems further improves

the precision and potency of herbal treatments, paving the way for
personalized medicine.

Integrating traditional herbal knowledge with modern
nanotechnology represents a powerful synergy that can unlock
the full therapeutic potential of plant-based medicines. By
bridging these two worlds, we can optimize the efficacy of herbal
compounds, enhance their pharmacokinetic profiles and
mitigate risks associated with traditional formulations. This
combination of ancient wisdom and cutting-edge science offers
a promising path to developing more effective, safe and patient-
tailored herbal therapies.

However, significant challenges remain, including cost,
regulation, scalability and the need for standardization in
manufacturing and quality control. Further research is essential
to overcome these hurdles and translate nanotechnology-based
herbal formulations into routine clinical use. With continued
innovation, collaboration between the fields of pharmacognosy,
nanotechnology and pharmaceutical sciences and rigorous
clinical trials, the integration of nanotechnology into herbal
medicine has the potential to transform healthcare, offering
enhanced therapeutic outcomes and personalized treatments
that were once thought to be beyond reach.

Table 4. Integration of nanotechnology and artificial intelligence in the modification of herbal drugs for enhanced delivery, targeting and

therapeutic efficacy

Herbal Compound Application

Nanotechnology Used

Research

Al Application Reference

Cancer therapy, anti-

Curcumin (Turmeric) inflammatory

Polymeric nanoparticles,
liposomes

Nanoemulsions, solid lipid

Al-driven optimization of
nanoparticle synthesis & drug in (67)
controlled release kinetics

Machine learning for formulation

Resveratrol (Grapes) Anti-aging, neuroprotection nanoparticles stability prediction (68)

ploctetinGalote - Anoddartcncer o8 ranopatides,  moceingof crugreleaseprofles (69

Paclitaxel (Taxus spp.) Breast cancer treatment n?rigl;gqut?;lloe(;u(re]fjg., Al-guidedmpohdaglrir:‘agcokinetic (70)
Abraxane®)

Berberine (Berberis spp.) Diabete:hg?;;)n;icrobial Chitosan nanoparticles Al-based tﬁgg;%gﬂd efficacy (71)

Withanolides (Ashwagandha) NeuroprreodtSEggg, stress Nanoemur!fiiger}féé)olymeric Al-driven ne:cr?eperrc])it:gctive activity (72)

Plant Science Today, ISSN 2348-1900 (online)



ISRAT ETAL

Authors' contributions

FR conceptualized the study, conducted the literature review and
prepared the initial draft of the manuscript. SS and SZ contributed
to literature synthesis, improved the review structure and provided
critical revisions. IJB finalized the manuscript, supervised the
overall project and offered expert guidance. All authors read and
approved the final version of the manuscript.

Compliance with ethical standards

Conflict of interest: The authors declare that there is no
conflict of interest regarding the publication of this manuscript.

Ethical issues: None

References

1.

10.

11.

12.

13.
14.

15.

Rates SM. Plants as source of drugs. Toxicon. 2001;39(5):603-13.
https://doi.org/10.1016/S0041-0101(00)00154-9

Ekor M. The growing use of herbal medicines: issues relating to
adverse reactions and challenges in monitoring safety. Front
Pharmacol. 2014;10(4):177. https://doi.org/10.3389/fphar.2013.00177

World Health Organization. WHO global report on traditional and
complementary medicine 2019. 2019:226.

Paroha S, Dewangan RP, Sahoo PK. Pharmaceutical technology for
improving the bioavailability of natural products. Sustainable
Agriculture Reviews. 2020;43:1-32. https://doi.org/10.1007/978-3-
030-41838-0_1

Bolla L, Gangireddy NR, Bale DN, Nanjappan S. Significance of
stability and pharmacokinetic issues in traditional medicine.
Evidence Based Validation of Traditional Medicines. 2021:743-64.
https://doi.org/10.1007/978-981-15-8127-4_36

Wang H, Chen Y, Wang L, Liu Q, Yang S, Wang C. Advancing herbal
medicine: enhancing product quality and safety through robust
quality control practices. Front Pharmacol. 2023;14:1265178.
https://doi.org/10.3389/fphar.2023.1265178

Patra JK, Das G, Fraceto LF, Campos EV, Rodriguez-Torres MD,
Acosta-Torres LS, et al. Nano based drug delivery systems: recent
developments and future prospects. J Nanobiotechnology. 2018;16
(1):71. https://doi.org/10.1186/512951-018-0392-8

Kesarwani K, Gupta R. Bioavailability enhancers of herbal origin: an
overview. Asian Pac J Trop Biomed. 2013;3(4):253-66. https://
doi.org/10.1016/S2221-1691(13)60060-X

Narwade W, Game MD, Kadam SG. A review on nanotechnology in
herbal medicine. Int J Pharm Sci. 2024;2(4):411-6.

Sercombe L, Veerati T, Moheimani F, Wu SY, Sood AK, Hua S.
Advances and challenges of liposome assisted drug delivery. Front
Pharmacol. 2015;6:286. https://doi.org/10.3389/fphar.2015.00286

McClements DJ. Nanoemulsions versus microemulsions:
terminology, differences and similarities. Soft Matter. 2012;8
(6):1719-29. https://doi.org/10.1039/C2SM06903B

Ghosh P, Han G, De M, Kim CK, Rotello VM. Gold nanoparticles in
delivery applications. Adv Drug Deliv Rev. 2008;60(11):1307-15.
https://doi.org/10.1016/j.addr.2008.03.016

Ju J, Rh M. Nanocrystal technology. Int J Nanomed. 2008;3:295.

Sharifi-Rad J, Rayess YE, Rizk AA, Sadaka C, Zgheib R, Zam W, et al.
Turmeric and its major compound curcumin on health: bioactive
effects and safety profiles. Front Pharmacol. 2020;11:550909.
https://doi.org/10.3389/fphar.2020.01021

El-Saadony MT, Yang T, Korma SA, Sitohy M, Abd El-Mageed TA,
Selim S, et al. Impacts of turmeric and its principal bioactive
curcumin on human health: a comprehensive review. Front Nutr.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

2023;9:1040259. https://doi.org/10.3389/fnut.2022.1040259

Jelinski T, Przybytek M, Cysewski P. Natural deep eutectic solvents
as agents for improving solubility, stability and delivery of
curcumin. Pharm Res. 2019;36(8):116. https://doi.org/10.1007/
$11095-019-2643-2

Farhan M, Rizvi A. The pharmacological properties of red grape
polyphenol resveratrol: clinical trials and obstacles in drug
development. Nutrients. 2023;15(20):4486. https://doi.org/10.3390/
nul5204486

Alsabeelah N, Kumar V. Formulation and optimization of quercetin
nanoemulsion. J Cluster Sci. 2023;34(4):1893-906. https://
doi.org/10.1007/s10876-022-02351-1

Guan F, Wang Q, Bao Y, Chao Y. Anti-rheumatic effect of quercetin
and recent developments in nano formulation. RSC Adv. 2021;11
(13):7280-93. https://doi.org/10.1039/DORA08817J

Mahadev M, Nandini HS, Ramu R, Gowda DV, Almarhoon ZM, Al-
Ghorbani M, et al. Fabrication and evaluation of quercetin
nanoemulsion. Pharmaceuticals. 2022;15(1):70. https://
doi.org/10.3390/ph15010070

Di Costanzo A, Angelico R. Formulation strategies for enhancing the
bioavailability of silymarin: the state of the art. Molecules. 2019;24
(11):2155. https://doi.org/10.3390/molecules24112155

Liang J, Liu Y, Liu J, Li Z, Fan Q, Jiang Z, et al. Chitosan-
functionalized lipid-polymer hybrid nanoparticles for oral delivery
of silymarin. J Nanobiotechnology. 2018;16(1):64. https://
doi.org/10.1186/512951-018-0391-9

Yang G, Zhao Y, Zhang Y, Dang B, Liu Y, Feng N. Enhanced oral
bioavailability of silymarin using liposomes. Int J Nanomedicine.
2015:6633-44. https://doi.org/10.2147/1JN.S92665

Bakshi J, Mehra M, Grewal S, Dhingra D, Kumari S. Antimicrobial and
anti-diabetic activity of berberine nanocomplexes. J Bioact Compat
Polym. 2022;37(4):233-51. https://
doi.org/10.1177/08839115221106700

Al-Obaidy SS, Greenway GM, Paunov VN. Dual-functionalised
shellac nanocarriers for berberine. Nanoscale Adv. 2019;1(2):858-
72. https://doi.org/10.1039/C8NA00121A

Alyasari NK, Almzaiel AJ. Pluronic F127 polymeric micelle as
nanocarrier for berberine delivery. Indones J Chem. 2024;24(2):390-
402. https://doi.org/10.22146/ijc.88109

Kumar S, Dilbaghi N, Saharan R, Bhanjana G. Nanotechnology as
tool for enhancing solubility of poorly water-soluble drugs.
Bionanoscience. 2012;2(4):227-50. https://doi.org/10.1007/s12668-
012-0060-7

Faraji AH, Wipf P. Nanoparticles in cellular drug delivery. Bioorg Med
Chem. 2009;17(8):2950-62. https://doi.org/10.1016/j.bmc.2009.02.043

Schmidt EB, Elmose-@sterlund K, Ibsen B. Physical activity
participation among immigrants and descendants in Denmark.
BMC Public Health. 2025;25(1):345. https://doi.org/10.1186/s12889-
025-21314-5

Mishra NK, Yadav K, Mohanty SR, Parmar AS, Yadav SK, Haldar C.
Tinospora  cordifolia silver nanoparticles attenuated
lipopolysaccharide-induced testicular inflammation in golden
hamster. Regen Eng Transl Med. 2025;11(2):434-48. https://
doi.org/10.1007/s40883-024-00363-z

Patel P, Geed SR. Nanomaterial in modern drug delivery: future
perspective. Biogenic Nanomaterials for Environmental Sustainability.
2024:319-51. https://doi.org/10.1007/978-3-031-45956-6_13

Jang GH, Kim YM, Kim DH, Shin JW, Yoon SY, Bae JW, et al. A
chitosan/alginate coated nano-liposome to improve intestinal
absorption of curcumin for oral administration. Food Science and
Biotechnology. 2024;33(7):1707-14. https://doi.org/10.1007/s10068-
023-01461-4

Xu X, Tian M, Deng L, Jiang H, Han J, Zhen C, et al. Structural
degradation and uptake of resveratrol-encapsulated liposomes

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1016/S0041-0101(00)00154-9
https://doi.org/10.3389/fphar.2013.00177
https://doi.org/10.1007/978-3-030-41838-0_1
https://doi.org/10.1007/978-3-030-41838-0_1
https://doi.org/10.1007/978-981-15-8127-4_36
https://doi.org/10.3389/fphar.2023.1265178
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.1016/S2221-1691(13)60060-X
https://doi.org/10.1016/S2221-1691(13)60060-X
https://doi.org/10.3389/fphar.2015.00286
https://doi.org/10.1039/C2SM06903B
https://doi.org/10.1016/j.addr.2008.03.016
https://doi.org/10.3389/fphar.2020.01021
https://doi.org/10.3389/fnut.2022.1040259
https://doi.org/10.1007/s11095-019-2643-2
https://doi.org/10.1007/s11095-019-2643-2
https://doi.org/10.3390/nu15204486
https://doi.org/10.3390/nu15204486
https://doi.org/10.1007/s10876-022-02351-1
https://doi.org/10.1007/s10876-022-02351-1
https://doi.org/10.1039/D0RA08817J
https://doi.org/10.3390/ph15010070
https://doi.org/10.3390/ph15010070
https://doi.org/10.3390/molecules24112155
https://doi.org/10.1186/s12951-018-0391-9
https://doi.org/10.1186/s12951-018-0391-9
https://doi.org/10.2147/IJN.S92665
https://doi.org/10.1177/08839115221106700
https://doi.org/10.1177/08839115221106700
https://doi.org/10.1039/C8NA00121A
https://doi.org/10.22146/ijc.88109
https://doi.org/10.1007/s12668-012-0060-7
https://doi.org/10.1007/s12668-012-0060-7
https://doi.org/10.1016/j.bmc.2009.02.043
https://doi.org/10.1186/s12889-025-21314-5
https://doi.org/10.1186/s12889-025-21314-5
https://doi.org/10.1007/s40883-024-00363-z
https://doi.org/10.1007/s40883-024-00363-z
https://doi.org/10.1007/978-3-031-45956-6_13
https://doi.org/10.1007/s10068-023-01461-4
https://doi.org/10.1007/s10068-023-01461-4

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

using an invitro digestion combined with Caco-2 cell absorption
model. Food Chemistry. 2023;403:133943. https://doi.org/10.1016/
j.foodchem.2022.133943

Vijayakumar MR, Kosuru R, Vuddanda PR, Singh SK, Singh S. Trans
resveratrol loaded DSPE PEG 2000 coated liposomes: evidence for
prolonged systemic circulation and passive brain targeting. Journal
of Drug Delivery Science and Technology. 2016;33:125-35. https://
doi.org/10.1016/j.jddst.2016.02.009

Chopra H, Dey PS, Das D, Bhattacharya T, Shah M, Mubin S, et al.
Curcumin nanoparticles as promising therapeutic agents for drug
targets. Molecules. 2021;26(16):4998. https://doi.org/10.3390/
molecules26164998

Arora D, Jaglan S. Therapeutic applications of resveratrol
nanoformulations. Environmental Chemistry Letters. 2018;16(1):35-
41. https://doi.org/10.1007/s10311-017-0660-0

Tabanelli R, Brogi S, Calderone V. Improving curcumin
bioavailability: current strategies and future perspectives.
Pharmaceutics. 2021;13(10):1715. https://doi.org/10.3390/
pharmaceutics13101715

Prasad S, Tyagi AK, Aggarwal BB. Recent developments in delivery,
bioavailability, absorption and metabolism of curcumin: the golden
pigment from golden spice. Cancer Research and Treatment.
2014;46(1):2-18. https://doi.org/10.4143/crt.2014.46.1.2

Alanazi AZ, Alginyah M, Alhamed AS, Mohammed H, Raish M,
Aljerian K, et al. Cardioprotective effects of liposomal resveratrol in
diabetic rats: unveiling antioxidant and anti-inflammatory benefits.
Redox Report. 2024;29(1):2416835. https://
doi.org/10.1080/13510002.2024.2416835

Montagnier L. System and method for the detection and treatment
of infection by a microbial agent associated with HIV infection.
United States patent US 9,580,758. 2017.

Dixit N, Baboota S, Kohli K, Ahmad S, Ali J. Silymarin: a review of
pharmacological aspects and bioavailability enhancement
approaches. Indian Journal of Pharmacology. 2007;39(4):172-9.
https://doi.org/10.4103/0253-7613.36534

Gupta SC, Kismali G, Aggarwal BB. Curcumin, a component of
turmeric: from farm to pharmacy. Biofactors. 2013;39(1):2-13.
https://doi.org/10.1002/biof.1079

de Albuquerque Mendes MK, dos Santos Oliveira CB, da Silva
Medeiros CM, dos Santos LR, Lopes Junior CA, et al. Challenges and
strategies for bioavailability of curcumin. In: Curcumin and
Neurodegenerative Diseases: From Traditional to Translational
Medicines. 2024:21-37. https://doi.org/10.1007/978-981-99-7731-4_2

Fasinu PS, Bouic PJ, Rosenkranz B. An overview of the evidence and
mechanisms of herb-drug interactions. Frontiers in Pharmacology.
2012;3:69. https://doi.org/10.3389/fphar.2012.00069

Yang P, Yuan C, Wang H, Han F, Liu Y, Wang L, et al. Stability of
anthocyanins and their degradation products from cabernet
sauvignon red wine under gastrointestinal pH and temperature
conditions. Molecules. 2018;23(2):354. https://doi.org/10.3390/
molecules23020354

Kumar S, Pandey AK. Chemistry and biological activities of
flavonoids: an overview. The Scientific World Journal.
2013;2013:162750. https://doi.org/10.1155/2013/162750

Chowdhury S, Nath D, Chanda Das SR, Kar K, Chakraborty P, Kapoor
DU, et al. Nanotechnology based herbal drug delivery system:
current insights and future prospects. Current Nanomedicine. 2024.
https://doi.org/10.2174/0124681873349580241113081309

Dewi MK, Chaerunisaa AY, Muhaimin M, Joni IM. Improved activity of
herbal medicines through nanotechnology. Nanomaterials. 2022;12
(22):4073. https://doi.org/10.3390/nan012224073

Srinivasan N. Recent advances in herbal-nano formulation: a
systematic review. Asian Journal of Biological and Life Sciences.
2023;12(1):23. https://doi.org/10.5530/ajbls.2023.12.4

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

Patel P, Shah J. Safety and toxicological considerations of
nanomedicines: future directions. Current Clinical Pharmacology.
2017;12(2):73-82. https://
doi.org/10.2174/1574884712666170509161252

Bonifacio BV, da Silva PB, Ramos MA, Negri KM, Bauab TM, Chorilli
M. Nanotechnology-based drug delivery systems and herbal
medicines: a review. International Journal of Nanomedicine. 2014;1
-5. https://doi.org/10.2147/IJN.S52634

European Medicines Agency. Guideline on good pharmacovigilance
practices (GVP) Module VI - Collection, management and
submission of reports of suspected adverse reactions to medicinal
products. 2017.

Mura S, Nicolas J, Couvreur P. Stimuli-responsive nanocarriers for
drug delivery. Nature Materials. 2013;12(11):991-1003. https://
doi.org/10.1038/nmat3776

Zhao X, Bai J, Yang W. Stimuli-responsive nanocarriers for therapeutic
applications in cancer. Cancer Biology and Medicine. 2021;18(2):319-
35. https://doi.org/10.20892/j.issn.2095-3941.2020.0496

Das SS, Bharadwaj P, Bilal M, Barani M, Rahdar A, Taboada P, et al.
Stimuli-responsive polymeric nanocarriers for drug delivery,
imaging and theragnosis. Polymers. 2020;12(6):1397. https://
doi.org/10.3390/polym12061397

MaoY, Xie J, Yang F, Luo Y, Du J, Xiang H. Advances and prospects of
precision nanomedicine in personalized tumor theranostics.
Frontiers in Cell and Developmental Biology. 2024;12:1514399.
https://doi.org/10.3389/fcell.2024.1514399

Majumder J, Minko T. Targeted nanotherapeutics for respiratory
diseases: cancer, fibrosis and coronavirus. Advanced Therapeutics.
2021;4(2):2000203. https://doi.org/10.1002/adtp.202000203

Bhange M, Telange D. Convergence of nanotechnology and artificial
intelligence in the fight against liver cancer: a comprehensive
review. Discover Oncology. 2025;16(1):77. https://doi.org/10.1007/
$12672-025-01821-y

Kapoor DU, Sharma JB, Gandhi SM, Prajapati BG, Thanawuth K,
Limmatvapirat S, et al. Al-driven design and optimization of
nanoparticle-based drug delivery systems. Science Engineering and
Health  Studies.  2024;24010003.  https://doi.org/10.69598/
sehs.18.24010003

Gao XJ, Ciura K, Ma Y, Mikolajczyk A, Jagiello K, Wan Y, et al. Toward
the integration of machine learning and molecular modeling for
designing drug delivery nanocarriers. Advanced Materials. 2024;36
(45):2407793. https://doi.org/10.1002/adma.202407793

Spanakis M, Tzamali E, Tzedakis G, Koumpouzi C, Pediaditis M,
Tsatsakis A, et al. Artificial intelligence models and tools for the
assessment of drug-herb interactions. Pharmaceuticals. 2025;18
(3):282. https://doi.org/10.3390/ph 18030282

Noury H, Rahdar A, Ferreira LF, Jamalpoor Z. Al-driven innovations
in smart multifunctional nanocarriers for drug and gene delivery: a
mini-review. Critical Reviews in Oncology Hematology.
2025;104701. https://doi.org/10.1016/j.critrevonc.2025.104701

Alghamdi MA, Fallica AN, Virzi N, Kesharwani P, Pittala V, Greish K.
The promise of nanotechnology in personalized medicine. Journal
of Personalized Medicine. 2022;12(5):673. https://doi.org/10.3390/
jpm12050673

Guo M, Qin S,Wang S, Sun M, Yang H, Wang X, et al. Herbal medicine
nanocrystals: a potential novel therapeutic strategy. Molecules.
2023;28(17):6370. https://doi.org/10.3390/molecules28176370

Anurogo D. The art of nanoimmunoherbogenomics 5.0. 2025.

Fornaguera C, Garcia-Celma MJ. Personalized nanomedicine: a
revolution at the nanoscale. Journal of Personalized Medicine.
2017;7(4):12. https://doi.org/10.3390/jpm7040012

Patra S, Bala NN, Nandi G. Synthesis, characterization and fabrication of
sodium  carboxymethyl-okra-gum-grafted-polymethacrylamide into
sustained release tablet matrix. International Journal of Biological

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1016/j.foodchem.2022.133943
https://doi.org/10.1016/j.foodchem.2022.133943
https://doi.org/10.1016/j.jddst.2016.02.009
https://doi.org/10.1016/j.jddst.2016.02.009
https://doi.org/10.3390/molecules26164998
https://doi.org/10.3390/molecules26164998
https://doi.org/10.1007/s10311-017-0660-0
https://doi.org/10.3390/pharmaceutics13101715
https://doi.org/10.3390/pharmaceutics13101715
https://doi.org/10.4143/crt.2014.46.1.2
https://doi.org/10.1080/13510002.2024.2416835
https://doi.org/10.1080/13510002.2024.2416835
https://doi.org/10.4103/0253-7613.36534
https://doi.org/10.1002/biof.1079
https://doi.org/10.1007/978-981-99-7731-4_2
https://doi.org/10.3389/fphar.2012.00069
https://doi.org/10.3390/molecules23020354
https://doi.org/10.3390/molecules23020354
https://doi.org/10.1155/2013/162750
https://doi.org/10.2174/0124681873349580241113081309
https://doi.org/10.3390/nano12224073
https://doi.org/10.5530/ajbls.2023.12.4
https://doi.org/10.2174/1574884712666170509161252
https://doi.org/10.2174/1574884712666170509161252
https://doi.org/10.2147/IJN.S52634
https://doi.org/10.1038/nmat3776
https://doi.org/10.1038/nmat3776
https://doi.org/10.20892/j.issn.2095-3941.2020.0496
https://doi.org/10.3390/polym12061397
https://doi.org/10.3390/polym12061397
https://doi.org/10.3389/fcell.2024.1514399
https://doi.org/10.1002/adtp.202000203
https://doi.org/10.1007/s12672-025-01821-y
https://doi.org/10.1007/s12672-025-01821-y
https://doi.org/10.69598/sehs.18.24010003
https://doi.org/10.69598/sehs.18.24010003
https://doi.org/10.1002/adma.202407793
https://doi.org/10.3390/ph18030282
https://doi.org/10.1016/j.critrevonc.2025.104701
https://doi.org/10.3390/jpm12050673
https://doi.org/10.3390/jpm12050673
https://doi.org/10.3390/molecules28176370
https://doi.org/10.3390/jpm7040012

ISRAT ETAL

68.

69.

70.

71

72.

Macromolecules.
j.ijbiomac.2020.09.025

Aghaz F, Vaisi-Raygani A, Khazaei M, Arkan E, Sajadimajd S, Mozafari H,
et al. Co-encapsulation of tertinoin and resveratrol by solid lipid
nanocarrier improves mice invitro matured oocyte/morula-compact
stage embryo development. Theriogenology. 2021;171:1-3. https://
doi.org/10.1016/j.theriogenology.2021.05.007

Sahu M, Ganguly M, Sharma P. Role of black tea in the advancement of
nanotechnology: a critical review. ACS Omega. 2025;10(11):10741-55.
https://doi.org/10.1021/acsomega.4c10225

Yetisgin AA, Cetinel S, Zuvin M, Kosar A, Kutlu O. Therapeutic
nanoparticles and their targeted delivery applications. Molecules.
2020;25(9):2193. https://doi.org/10.3390/molecules25092193

Panda DS, Eid HM, Elkomy MH, Khames A, Hassan RM, Abo El-Ela Fl, et
al. Berberine encapsulated lecithin—chitosan nanoparticles as
innovative wound healing agent in type Il diabetes. Pharmaceutics.
2021;13(8):1197. https://doi.org/10.3390/pharmaceutics13081197

Abomosallam M, Hendam BM, Abdallah AA, Refaat R, El-Hak HN.
Neuroprotective effect of Withania somnifera leaves extract
nanoemulsion against penconazole-induced neurotoxicity in albino
rats via modulating TGF-f1/Smad2 signaling pathway.
Inflammopharmacology. 2024;32(3):1903-28. https://
doi.org/10.1007/s10787-024-01461-8

2020;164:3885-900.  hitps://doi.org/10.1016/

10

Additional information

Peer review: Publisher thanks Sectional Editor and the other anonymous
reviewers for their contribution to the peer review of this work.

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics,
NAAS, UGC Care, etc

See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting

Copyright: © The Author(s). This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution and reproduction in any medium, provided the
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/)

Publisher information: Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited,
Thiruvananthapuram, India.

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1016/j.ijbiomac.2020.09.025
https://doi.org/10.1016/j.ijbiomac.2020.09.025
https://doi.org/10.1016/j.theriogenology.2021.05.007
https://doi.org/10.1016/j.theriogenology.2021.05.007
https://doi.org/10.1021/acsomega.4c10225
https://doi.org/10.3390/molecules25092193
https://doi.org/10.3390/pharmaceutics13081197
https://doi.org/10.1007/s10787-024-01461-8
https://doi.org/10.1007/s10787-024-01461-8
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

