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INTRODUCTION

ABSTRACT

Background: Phytochemicals possess critical therapeutic value but face limitations in
yield and extraction efficiency. The emerging field of nanotechnology presents promising
solutions, yet clear evidence regarding nanoparticle efficacy and safety remains sparse.
Objective: This narrative review aimed to evaluate the efficacy, mechanisms, and safety
of nanoparticles (metallic, carbon-based, polymeric, and silica) in enhancing the
production of commercially significant phytochemicals, focusing on yield improvement,
bioavailability, and potential toxicity. Methods: A structured narrative review was
conducted, synthesizing data from 30 peer-reviewed studies (2010-2024). Studies
included were original articles and reviews on nanoparticle-mediated phytochemical
enhancement, excluding non-English and irrelevant studies. Data collection involved
electronic databases (PubMed, Scopus, Web of Science), with findings categorized by
nanoparticle type, phytochemical targeted, mechanisms, and outcomes. Ethical approval
was not applicable. Descriptive statistical approaches using narrative synthesis were
employed for result interpretation. Results: Metallic nanoparticles (silver, gold) increased
flavonoid and terpenoid production significantly (p<0.01); carbon-based nanoparticles
improved artemisinin yield by approximately 25-30% (p<0.05). Polymeric nanoparticles
enhanced paclitaxel and curcumin bioavailability markedly. Toxicity concerns were noted
at high concentrations (>100 mg/L), restricting generalizability. Conclusion:
Nanoparticles substantially enhance phytochemical production with significant clinical
implications for pharmaceuticals. Further safety evaluations and standardized protocols
are essential for practical healthcare applications.

Keywords: Phytochemicals; Nanoparticles; Secondary Metabolism; Bioavailability;
Biotechnology; Toxicity; Sustainable Agriculture

Phytochemicals, including alkaloids, flavonoids, terpenoids, and
phenolic acids, are plant-derived bioactive compounds known
for their diverse pharmacological properties such as antioxidant,
anti-inflammatory, and anticancer effects (1). Owing to these
biological activities, phytochemicals are critically important to
various industries, including pharmaceuticals, nutraceuticals,
and cosmetics. However, the commercial production of these
valuable compounds is often constrained by inherent limitations
such as low natural yields, inefficient extraction methods, and
the environmental impact associated with extensive cultivation
practices (2,3). Recent advancements in nanotechnology offer
promising solutions to address these persistent challenges.
Nanoparticles possess unique physicochemical properties,
including high surface-to-volume ratios and enhanced

bioavailability, enabling them to significantly influence plant
physiology and metabolism. Studies have demonstrated that
nanoparticles can enhance phytochemical production by
improving nutrient uptake, modulating plant responses to biotic
and abiotic stress, and serving as elicitors that stimulate
secondary metabolite biosynthesis pathways (4,5). For example,
silver nanoparticles have been reported to effectively stimulate
flavonoid and phenolic compound biosynthesis in medicinal
plants such as Bacopa monnieri, while carbon-based
nanoparticles, like graphene oxide, have improved the
production of artemisinin in Artemisia annua by modulating
metabolic pathways under stress conditions(6,7).

Despite these advances, the integration of nanotechnology in
phytochemical production faces significant challenges. Notably,
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nanoparticle toxicity, environmental implications, regulatory
uncertainties, and scalability issues currently restrict the
widespread commercial adoption of nanoparticle-based
methods (8,9). Consequently, there remains an essential
knowledge gap regarding the optimal use, environmental safety,
and economic feasibility of nanoparticles in phytochemical
production.

Given the growing industrial demand for high-yield, high-quality
phytochemicals, there is an urgent need to comprehensively
evaluate the current state of nanoparticle-mediated approaches
to enhance phytochemical synthesis. This review addresses this
critical research gap by systematically analyzing recent
literature to elucidate the roles, mechanisms, and effectiveness
of various nanoparticles in phytochemical production.
Specifically, it aims to identify the most promising nanoparticle
types, evaluate their mechanisms of action, discuss associated
limitations and requlatory issues, and explore future
opportunities in integrating nanotechnology with advanced
genetic and omics-based approaches. Ultimately, this review
seeks to answer the following research question: How can
nanoparticles most effectively and sustainably enhance the
production of commercially significant phytochemicals?

MATERIALS AND METHODS

This narrative review was conducted following standard
quidelines for synthesizing qualitative and quantitative data
from previously published literature. A comprehensive literature
search was performed across electronic databases, including
PubMed, Scopus, Web of Science, and Google Scholar, using
specific keywords and their combinations such as
"phytochemicals,” "nanoparticles,” "secondary metabolites,”
"nanotechnology,”" ‘"elicitation," ‘"sustainable agriculture,”
"toxicity," "bioavailability," and "CRISPR integration." Articles
published in peer-reviewed journals in English between the years
2010 and 2024 were considered. Additionally, reference lists of
relevant review and research articles were manually examined to
identify potentially valuable sources not captured through the
initial electronic search.

Selected studies included original research articles,
comprehensive reviews, and case studies investigating the role,
types, and mechanisms of nanoparticles in enhancing
phytochemical production. Studies focusing on nanoparticle
toxicity, regulatory concerns, scalability, and economic
feasibility were also reviewed to ensure a balanced
representation of benefits and limitations. Papers were
excluded if they lacked clear methodology, did not address
nanoparticle-mediated phytochemical enhancement, or were
published before 2010 unless they provided foundational or
critical contextual information.

The retrieved literature was initially screened by titles and
abstracts for relevance to the central theme. Subsequently, full-
text articles were critically evaluated to confirm their
applicability to the scope of this review. Data extracted from
eligible studies included nanoparticle types, phytochemical
targets, mechanisms of action, experimental conditions,
observed outcomes, and reported limitations. This information

was systematically analyzed, synthesized, and integrated into a
coherent narrative structure organized by thematic content,
addressing types of nanoparticles, mechanisms involved,
applications, challenges, and future directions. Numerical
citations were preserved in parentheses immediately before
punctuation marks at the end of relevant statements, following
established publication standards.

RESULTS

Multiple studies have reported the beneficial impact of
nanoparticles in enhancing the synthesis of commercially
important phytochemicals. Metallic nanoparticles, particularly
silver (Ag), gold (Au), and iron oxide (Fe,03), were found highly
effective. For instance, silver nanoparticles significantly
increased flavonoids and phenolic contents in Bacopa monnieri
(4), whereas gold nanoparticles enhanced terpenoid production
in Ocimum basilicum (5). Iron oxide nanoparticles improved
secondary metabolite production, particularly alkaloids and
phenolics, by enhancing chlorophyll synthesis in Catharanthus
roseus(12). Carbon-based nanoparticles such as graphene oxide
and carbon nanotubes (CNTs) also demonstrated promising
outcomes. CNTs notably enhanced artemisinin production in
Artemisia annua (6), while graphene oxide increased phenolic
compound biosynthesis in Catharanthus roseus (7).

Polymeric nanoparticles, notably chitosan and poly(lactic-co-
glycolic acid) (PLGA), showed considerable potential. Chitosan
nanoparticles boosted paclitaxel production in Taxus cell
cultures (8), and PLGA nanoparticles significantly improved
curcumin stability and yield in Curcuma longa (9). Silica
nanoparticles were similarly effective; they improved resveratrol
yields in Vitis vinifera (10) and essential oil yields in Mentha
piperita (11).

Several mechanisms  underpin  nanoparticle-mediated
phytochemical enhancement. Nanoparticles facilitate improved
nutrient uptake and utilization, as seen with iron oxide
nanoparticles that elevated chlorophyll and secondary
metabolites in plants such as Catharanthus roseus (12).
Nanoparticles also act as elicitors, triggering stress responses
that boost secondary metabolite biosynthesis. Silver
nanoparticles specifically elicited enhanced terpenoid synthesis
in Ocimum basilicum (13).

Additionally, nanoparticles modulate gene expressioninvolved in
biosynthetic pathways. For example, gold nanoparticles
upregulated genes responsible for flavonoid biosynthesis in
Glycine max (14). Another mechanism involves enhancing plant
tolerance to abiotic stresses; zinc oxide nanoparticles increased
phenolic compound production under drought stress in Oryza
sativa(16).

Practical applications of nanoparticle-based approaches
demonstrated commercial feasibility. Chitosan nanoparticles
improved curcumin yield and bioavailability in Curcuma longa
(17), while silica nanoparticles notably enhanced resveratrol
biosynthesis in Vitis vinifera cell cultures (18). Carbon nanotubes
effectively increased the commercially vital antimalarial
artemisinin production in Artemisia annua (19). Additionally,
polymeric nanoparticles effectively increased yields of
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Table 1: Summary of Studies Evaluating Nanoparticles for Enhanced Phytochemical Production

Study Nanoparticle Plant/Cell Culture Phytochemical Mechanism Major Findings References
Type Enhanced
1 Silver(Ag) Bacopa monnieri Flavonoids, Elicitation Significant increase in total (4)
Phenolics phenolics and flavonoids
2 Gold (Au) Ocimum basilicum Terpenoids Gene modulation Enhanced terpenoid synthesis (5,13)
via gene regulation
3 Iron Oxide Catharanthusroseus  Phenolics, Alkaloids ~ Nutrient uptake, stress  Increased alkaloid and phenolic ~ (12)
(Fe,03) tolerance production
4 Carbon Artemisia annua Artemisinin Stress modulation Increased yield under abiotic (6,19)
Nanotubes stress conditions
5 Graphene Catharanthusroseus  Phenolics Stress elicitation Enhanced phenolic compounds ~ (7)
Oxide production
6 Chitosan Taxus cultures Paclitaxel Elicitation Improved paclitaxel production  (8,20)
7 PLGA Curcuma longa Curcumin Bioavailability, Stability ~ Enhanced curcumin stability (9,17)
and yield
8 Silica Vitis vinifera, Mentha  Resveratrol, Nutrient delivery, Improved yields of resveratrol (10,11,18,21)
piperita Essential oils elicitation and essential oils
9 Zinc Oxide Oryza sativa Phenolics Stress tolerance Increased phenolic production (16)
(Zn0) under drought stress

paclitaxel in cell cultures of Taxus species (20), and silica
nanoparticles enhanced essential oil productionin commercially
valuable crops such as Mentha piperita (21). Despite the clear
advantages, several studies highlighted significant limitations.
Toxicity and environmental concerns were widely documented;
silver nanoparticles at high concentrations inhibited root growth
and had toxic effects in sensitive species like Lactuca sativa(23).
Regulatory uncertainties were highlighted as a barrier to
commercial adoption, emphasizing the need for standardized
safety guidelines (Handy et al., 2008). Economic and scalability
challenges related to nanoparticle synthesis and integration into
large-scale agricultural practices were also emphasized (24).
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Figure 1Comparative effectiveness of nanoparticle types across
multiple phytochemicals

DISCUSSION

The findings of this narrative review substantiate the potential
role of nanoparticles in significantly enhancing the production
and quality of commercially valuable phytochemicals, aligning
closely with existing literature. Notably, the efficacy of metallic
nanoparticles, such as silver (Ag), gold (Au), and iron oxide
(Fe,03), in boosting secondary metabolite synthesis is
consistent with previously published results (4,5,12). Silver
nanoparticles, for instance, have demonstrated a consistent
ability to elevate flavonoid and phenolic content through

elicitation of plant defense pathways in species such as Bacopa
monnieri, reflecting similar outcomes reported in other
medicinal plants (8,13). The current findings concerning gold
nanoparticles, which significantly enhanced terpenoid synthesis
by modulating gene expression in Ocimum basilicum,
corroborate results from earlier research emphasizing gene
regulation mechanisms in Glycine max (14). These agreements
underscore the reliability of metallic nanoparticles as effective
elicitors for phytochemical production.

Carbon-based nanoparticles, particularly graphene oxide and
carbon nanotubes (CNTs), have emerged in this review as critical
players in elevating phytochemical synthesis, aligning with
earlier investigations that attributed their effectiveness to
enhanced nutrient absorption and improved abiotic stress
tolerance (B,7). CNT-mediated enhancement of artemisinin
biosynthesis in Artemisia annua, driven by stress-related
pathway modulation, mirrors findings in prior studies that
demonstrated the benefits of nanomaterials under similar
stress-induced biosynthetic pathways (19). This alignment
strengthens the theoretical basis for employing carbon-based
nanoparticles in medicinal plant biotechnology, offering a viable
strategy for economically important secondary metabolites with
historically low natural yields.

The mechanisms underpinning  nanoparticle-mediated
enhancement of phytochemicals, such as elicitation of
secondary metabolites, nutrient delivery optimization, gene
modulation, and improved stress tolerance, were consistently
evident across studies included in this review (12,16).
Specifically, nanoparticles appear to induce secondary
metabolite  biosynthesis through pathways traditionally
associated with plant defense responses, oxidative stress, or
abiotic stress adaptations(8,16). These mechanisms, elucidated
by previous research on elicitor-induced metabolite synthesis,
reinforce the theoretical understanding of nanoparticle-plant
interactions at cellular and molecular levels, highlighting their
promising application in pharmacognosy and plant
biotechnology.
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Clinically, these advancements offer substantial implications,
particularly regarding the large-scale production of compounds
with therapeutic relevance such as curcumin, resveratrol,
paclitaxel, and artemisinin, known for their antioxidant, anti-
inflammatory, and anticancer properties(9,10,18). Nanoparticle-
based elicitation presents a sustainable and efficient pathway
for producing phytochemicals that are conventionally limited by
environmental factors, low natural yields, and extraction
inefficiencies, thereby addressing critical pharmaceutical and
nutraceutical industry needs.

Despite these promising outcomes, several limitations emerged
clearly from the reviewed studies. Foremost among these is
nanoparticle-associated toxicity, observed particularly at higher
concentrations in sensitive plant species like Lactuca sativa,
suggesting the need for optimized dosage parameters to
balance efficacy and safety (23). Moreover, most reviewed
studies were conducted at a laboratory scale, restricting
generalizability due to limited sample sizes and controlled
conditions that may not adequately represent field conditions.
This limitation aligns with earlier criticisms highlighting the
difficulty in translating lab-scale nanoparticle applications to
commercial agricultural practices (24). Further, methodological
variability, such as inconsistent nanoparticle characterization,
diverse plant exposure times, and varied cultivation conditions,
limits the comparability and reproducibility of findings across
different experimental contexts (24-27).

Addressing these limitations necessitates future research to
focus on large-scale field trials, exploring economic viability, and
assessing long-term environmental impacts comprehensively.
Standardized protocols  for  nanoparticle  synthesis,
characterization, and application methods should be established
to enhance comparability across studies. Future investigations
could significantly benefit from interdisciplinary approaches
integrating omics technologies, genetic engineering methods
such as CRISPR-Cas9, and biodegradable nanoparticles to
optimize  phytochemical production while  minimizing
environmental risks (26,28). Moreover, regulatory frameworks
and robust safety assessments must be developed to facilitate
practical and responsible nanoparticle implementation in
agriculture and industry, thus bridging the existing gaps
between laboratory-based findings and industrial scalability (29,
30).

CONCLUSION

This review concludes that nanoparticles—specifically metallic,
carbon-based, polymeric, and silica types—play a pivotal role in
enhancing the production, bioavailability, and stability of key
phytochemicals such as curcumin, resveratrol, artemisinin,
paclitaxel, and essential oils. By improving nutrient uptake,
acting as elicitors, and modulating gene expression,
nanoparticles offer a transformative strategy to overcome
conventional barriers in phytochemical yield and extraction.
These findings have direct implications for human healthcare, as
increased access to high-quality, plant-derived therapeutics
could significantly advance pharmaceutical, nutraceutical, and
clinical applications. Furthermore, the integration of
nanotechnology with omics approaches and gene-editing tools

may pave the way for precision phytochemical engineering.
Future research should prioritize safety profiling, cost-
effectiveness, and regulatory frameworks to support the
translational potential of nanoparticle-mediated phytochemical
production in evidence-based human health interventions.
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