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Abstract

Standardizing traditional herbal formulations poses significant challenges due to inherent variability in plant sources, environmental
conditions, and processing methods. This narrative review explores how metabolomics a powerful high-throughput analytical
approach for comprehensive chemical profiling addresses these issues by enabling the identification and quantification of bioactive
compounds in complex herbal mixtures. Advanced analytical tools such as nuclear magnetic resonance (NMR), liquid chromatog-
raphy—mass spectrometry (LC-MS), and gas chromatography—mass spectrometry (GC-MS) provide detailed metabolic fingerprints
that underpin quality control and therapeutic consistency. Emerging techniques including desorption electrospray ionization—mass
spectrometry (DESI-MS), direct analysis in real-time mass spectrometry (DART-MS), single-cell metabolomics, and stable isotope
ratio analysis (SIRA) enhance spatial and geographical specificity, offering rapid and minimally invasive profiling capabilities.
Integration of metabolomics with chemometric tools such as principal component analysis (PCA) and partial least squares—discrim-
inant analysis (PLS-DA), facilitates authentication and batch-to-batch consistency. Furthermore, artificial intelligence (AI) and
machine learning (ML) algorithms are increasingly employed to automate metabolite identification, predict pharmacological prop-
erties, and accelerate biomarker discovery. These advances collectively support evidence-based standardization and sustainability
of herbal medicines, contributing to global healthcare integration. Key outcomes of this review include: identification of metabolo-
mics as a cornerstone for quality assurance and authenticity of herbal products, evaluation of emerging analytical platforms for
improving formulation reproducibility, and recommendations for interdisciplinary collaboration and regulatory alignment.
Literature included in this study was sourced from peer-reviewed articles published over the past decade in databases such as
PubMed, Scopus, and Web of Science. Overall, the review underscores the pivotal role of metabolomics in transforming traditional
herbal practices into standardized, scalable, and personalized therapeutic interventions.
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decoctions, used to prevent, manage, ot treat diseases." Herbal
medicine is a key component of traditional medicine systems
such as Traditional Chinese Medicine (TCM), Ayurveda, and
African Traditional Medicine. A herbal formulation is a combin-
ation of different medicinal plant materials or their extracts,
designed to enhance therapeutic efficacy.” These formulations
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may contain multiple herbs in specific proportions to achieve syn-
ergistic effects, reduce toxicity, and improve bioavailability.
Examples include polyherbal formulations (multiple herbs com-
bined), standardized extracts, and herbal capsules or tablets used
in modern phytotherapy.”* Medicinal plants are plants that contain
bioactive compounds with therapeutic properties. These plants are
the primary sources of herbal medicine and may be used in their
crude form (leaves, roots, stems, flowers, or seeds) or processed
into extracts. Examples include Curcuma longa (turmeric), Zingiber
officinale (ginget), and Withania somnifera (ashwagandha).’
Traditional herbal formulations have been integral to health-
care systems worldwide, particularly in regions where natural
products serve as primary therapeutic agents. These formula-
tions, often derived from complex plant mixtures, exhibit diverse
pharmacological properties and have been used for centuries in
traditional medicine." Herbal medicine has been used for thou-
sands of years, dating back to the Palacolithic era.” In 2021,
the global herbal formulation market attained a value of $83 bil-
lion, underscoring its substantial expansion.6 Although herbal
medications are frequently favored for their presumed safety, a
major challenge in their widespread adoption and integration
into modern healthcare lies in the lack of standardization, which
leads to inconsistencies in efficacy, safety, and quality control.
Variability in plant sources, processing methods, and environ-
mental factors further complicates the reproducibility of herbal
medicines. Recent initiatives have aimed at integrating traditional
knowledge with contemporary scientific methodologies to assess
the safety, effectiveness, and bioactivity of herbal treatments.”
This amalgamation of traditional wisdom and modern research
seeks to improve world health by utilizing herbal medicine as a
significant adjunct to contemporary healthcare methods.”
Sustainability and ethical sourcing of medicinal plants are critical
considerations in the standardization of herbal formulations, par-
ticularly as global demand rises. Unsustainable harvesting practices,
habitat degradation, and loss of biodiversity threaten the long-term
availability of many high-value medicinal speci(:s.9 Additionally, eth-
ical issues such as biopiracy and inadequate benefit-sharing with
indigenous communities have raised concerns over the exploitation
of traditional knowledge.'” Addressing these challenges requires
integrative strategies that prioritize conservation and fair-trade
practices. Metabolomics plays a pivotal role in promoting sustain-
ability by enabling the identification of metabolite-rich cultivars,
supporting selective harvesting, and reducing overdependence on
wild plant populations.'" Tt also allows for the authentication of
plant species and detection of adulterants, discouraging illegal trade
and substitution.'" By facilitating the development of standardized,
reproducible, and traceable herbal products, metabolomics sup-
ports ethical supply chains and aligns with global biodiversity and
access-benefit sharing (ABS) frameworks such as the Nagoya
Protocol." Efforts should encourage the integration of metabolo-
mics data with geographic and ecological metadata to inform sus-
tainable sourcing policies and protect medicinal plant ecosystems
Metabolomic profiling has emerged as a powerful analytical
tool for comprehensively characterizing the chemical compos-
ition of herbal formulations. This high-throughput method

facilitates the systematic examination of intricate phytochemical
combinations, correlating them with biological activities without
the need to isolate individual molecules.'” By leveraging advanced
techniques such as nuclear magnetic resonance (NMR), liquid
spectrometry  (LC-MS), and gas
chromatography-mass spectrometry (GC-MS), metabolomics

chromatography-mass

enables the identification and quantification of bioactive com-
pounds with high precision.'* This approach provides a deeper
understanding of the molecular fingerprint of herbal medicines,
facilitating the development of standardized formulations with
reproducible therapeutic effects.

In this review article, the role of metabolomics in addressing the
standardization challenges associated with traditional herbal for-
mulations is highlighted. By integrating metabolomic data with che-
mometric tools, researchers can enhance quality control measures,
ensure batch-to-batch consistency, and authenticate herbal pro-
ducts. The adoption of metabolomic strategies represents a signifi-
cant step toward bridging the gap between traditional and modern
medicine, ultimately contributing to the global acceptance and regu-
latory recognition of herbal therapeutics.

Methodology

In this narrative review, a comprehensive literature search was con-
ducted across major scientific databases, including PubMed,
Scopus, and Web of Science. Keywords used included: “metabolo-
mics”, “herbal medicine”, “LC-MS”, “NMR”, “GC-MS”, “stand-
ardization”, “traditional formulations”, and “quality control”.
Articles published in English within the last 10 years (2015-2025)
were included. Priority was given to peer-reviewed journal articles,
reviews, and book chapters that directly addressed metabolomic
technologies applied to herbal medicine. The findings were pre-
sented and discussed into the following categorized thematic areas:
analytical tools in herbal standardization, spectroscopic techniques
in standardization, applications of metabolomics in standardiza-
tion, standardization challenges and solutions, future perspective,
and recommendations. This segmented result and discussion
approach was adopted so as to ensure a thorough, evidence-based
foundation for discussing how metabolomics can support stand-
ardization, authentication, and quality assurance of traditional
herbal formulations

Metabolomics in Natural Product Research:
Analytical Tools in Herbal Standardization

Metabolomics has revolutionized natural product research by
enabling the comprehensive analysis of small-molecule metabo-
lites in complex biological systems. Metabolomics facilitates the
thorough identification and analysis of both targeted and untar-
geted metabolites in medicinal plants, supporting herbal medicine
discovery and quality control."> Unlike conventional analytical
methods that focus on a limited set of compounds, metabolomics
captures the entire metabolic fingerprint of herbal preparations,
offering deeper insights into their pharmacological potentjal.l(’
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Several advanced techniques are employed in metabolomic stud-
ies of herbal medicines. Nuclear Magnetic Resonance (NMR)
spectroscopy provides highly reproducible spectral fingerprints,
allowing for the identification of key metabolites and their struc-
tural elucidation.!” Liquid Chromatography-Mass Spectrometry
(LC-MS) and Gas Chromatography-Mass
(GC-MS) are widely used for their high sensitivity and resolution
in detecting a broad range of plrlytochemicals.15 LC-MS is consid-
ered superior to NMR and GC-MS in understanding the metabo-
lomics analysis of herbal medicine.'® 1.C-MS detects metabolites

Spectrometry

atlower concentrations, making itideal for analyzing complex and
low-abundance bioactive compounds in herbal extracts.'” It can
analyze both volatile and non-volatile metabolites, including large
polar compounds like flavonoids, alkaloids, and glycosides.'’
LC-MS requires minimal sample preparation and can analyze
crude herbal extracts directly, unlike NMR which requires a large
amount of purified sample and a deuterated solvent. LC-MS also
better characterizes polar and thermally labile compounds, as
many herbal metabolites are highly polar and degrade at high tem-
peratures.'” L.C-MS, especially high-resolution mass spectrom-
etry (HRMS) with tandem MS, enables detailed fragmentation
analysis to elucidate molecular structures with high accuracy.
LC-MS is compatible with databases like METLIN, HMDB,
and GNPS, aiding in the rapid identification of known and novel
herbal metabolites.” It also supportts large-scale metabolomics
studies and can be integrated with chemometric tools to analyze
herbal metabolite variations. LC-MS is generally preferred for
the metabolomics analysis of herbal medicine due to its high sen-
sitivity, broad metabolite coverage, minimal sample preparation,
and ability to analyze both polar and non-polar compounds with-
out derivatization.”!

While LC-MS is widely regarded for its high sensitivity, broad
metabolite coverage, and minimal sample preparation, it is not

without limitations.*

One of the primary drawbacks of
LC-MS is its high operational and maintenance cost, which
includes expenses related to solvents, columns, and specialized

. . 3
technical expertise.”

Additionally, data interpretation from
LC-MS can be complex due to matrix effects, ion suppression,
and the need for extensive spectral libraries for accurate metab-
olite identification.”* These challenges can limit its accessibility
and scalability, especially in low-resource settings. In contrast,
NMR  spectroscopy, though less sensitive, offers unmatched
reproducibility, quantitative capabilities, and minimal sample
preparation without the need for derivatization or separation.”
It is highly robust for fingerprinting and structure elucidation,
particularly useful when comparing metabolomic profiles across
laboratories. GC-MS, on the other hand, remains a cost-effective
alternative for analyzing volatile and thermally stable com-
pounds, although it requires derivatization for polar metabo-
lites.”® Therefore, the choice of technique should be guided by
the specific analytical goals, compound classes of interest, and
available infrastructure. A balanced approach integrating
LC-MS with complementary techniques such as NMR and
GC-MS provides a more comprehensive and robust framework
for herbal metabolomic profiling. These techniques, when
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Figure 1. A Flowchart Illustration for Metabolomics Pipeline for

= Authentication
= Personalized Medicine

Herbal Formulation Standardization. (Created in https://BioRender.

com).

‘ Sample Preparation

‘ Data Analysis

coupled with computational and chemometric tools, enable the
classification and authentication of herbal formulations based
on their unique metabolite proﬁles.l() Figure 1 below is a flow-
chart illustration for metabolomics pipeline for herbal formula-
tion standardization.

Additional techniques such as High-Performance Thin-Layer
Chromatography-Mass ~ Spectrometry ~ (HPTLC-MS)  and
High-Performance Liquid Chromatography (HPLC) offer comple-
mentary advantages, particularly in qualitative and quantitative profil-
ing. HPTLC-MS combines thin-layer chromatography (TT.C) with
mass spectrometric detection, allowing for direct identification of
separated compounds without extensive sample preparation.”
This technique provides advantages such as speed, cost-effectiveness,
and minimal solvent usage. Unlike conventional TLC, HPTLC
involves automated sample application, controlled development con-
ditions, and densitometric analysis, making it more reproducible and
quantitative.”” Advantages of HPTLC-MS in Herbal Metabolomics
include rapid separation and detection, high sensitivity and selectivity,
minimal solvent usage and eco-friendliness, fingerprinting and quality
control, and the ability to differentiate between formulations based on
bioactive content.”’ Applications of HPTLC-MS include analyzing
alkaloids and flavonoids, terpenoid and phenolic compounds, and
traditional herbal formulation analysis. HPLC is widely employed in
the metabolomic study of multi-herb formulations, enabling differen-
tiation between formulations based on bioactive content.”’

HPLC is one of the most widely used chromatographic tech-
niques in the metabolomic analysis of herbal formulations, offer-
ing high resolution, reproducibility, and versatility in detecting a
wide range of compounds.'” Tt is particularly suitable for polar
and thermolabile compounds that are not amenable to
GC-MS analysis. HPLC allows for both fingerprinting (qualita-
tive) and quantitative assessment of herbal constituents, and pre-
cise concentration measurements of bioactive compounds can
be achievable with external or internal standards.”>”” Versatile
detection methods, such as HPLC-UV, UV, PDA (Photodiode
Array), Fluorescence, or MS detection, enhance specificity.
Reproducibility and robustness are enhanced by automated sam-
ple injection and controlled mobile phase flow. HPLC plays a
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critical role in the batch-to-batch consistency and authentication
of herbal formulations.”

Integration of HPTLC-MS and HPLC with other techniques
the of herbal medicine

HPTLC-MS provides rapid screening, eco-friendliness, and finger-

enhances robustness analysis.
printing capabilities, while HPLC ensures high-resolution, quantita-
tive analysis.”” The integration of these techniques with advanced
mass spectrometric and spectroscopic methods further strength-
ens the analytical framework for herbal metabolomics, ensuring
authenticity, efficacy, and quality control of traditional medicines.
In sum, HPTLC-MS and HPLC serve as essential tools in metabo-
lomic profiling of traditional herbal formulations. HPTLC-MS pro-
rapid
capabilities, while HPLC ensures high-resolution, quantitative ana-

vides screening, eco-friendliness, and fingerprinting
lysis.”> The integration of these techniques with advanced mass
spectrometric and spectroscopic methods further strengthens the
analytical framework for herbal metabolomics, ensuring authenti-

city, efficacy, and quality control of traditional medicines.

Spectroscopic Techniques in Standardization

The standardization of natural drugs is crucial for ensuring their qual-
ity, safety, and efficacy. Ultraviolet-Visible (UV-Vis) Spectroscopy,
Infrared (IR) Spectroscopy, and Raman Spectroscopy are essential
tools for quality control in the pharmaceutical and nutraceutical indus-

tries including herbal development.™

These spectroscopic methods
provide non-destructive, rapid, and accurate means for detecting,
identifying, and quantifying bioactive compounds in natural drugs.
UV-Vis Spectroscopy is based on the absorption of ultraviolet
(200-400 nm) and visible (400-800 nm) light by molecules.”” When
light passes through a sample, specific wavelengths are absorbed
due to electronic transitions in the molecules. The amount of
absotbed light follows Beer-Lambert's law, which states that absotb-
ance is directly proportional to the concentration of the absorbing
species in the sample.” Applications in standardization of natural
drugs include identification of active compounds, quantitative ana-
lysis, putity assessment, quality control, and monitoting herbal
extracts and formulations. UV-Vis spectroscopy helps in qualitative
identification of compounds, while IR spectroscopy measures the
absorption of infrared radiation by molecules, causing vibrational

transitions in chemical bonds.*®

Different functional groups in a mol-
ecule absorb IR radiation at specific frequencies, producing a unique
spectral fingerptint that can be used for identification.”

IR spectroscopy is valuable for identifying functional groups
in bioactive compounds, such as hydroxyl ((OH) groups in fla-
vonoids, carbonyl (C=O) groups in terpenoids and alkaloids,
and aromatic rings in polyphenols.” It also allows for authenti-
cation and fingerprinting, detection of adulterants and contami-
nants, and monitoring herbal extracts and formulations.
However, limitations of IR spectroscopy include water interfer-
ence, overlapping bands, and limited quantitative capabilities.”
Raman spectroscopy is based on inelastic scattering of light by
molecules, known as Raman scattering. When a laser beam inter-
acts with a sample, most light is scattered elastically (Rayleigh
scattering), but a small fraction undergoes energy shifts due to

q 40
molecular vibrations.

This energy shifts provide detailed
molecular information. Applications in standardization of nat-
ural drugs include identification of bioactive molecules, authen-
tication and detection of counterfeit herbal medicines, analysis of
drug-polymer interactions, and real-time monitoring of extrac-
tion and processing, "’ Raman spectroscopy allows in situ mon-
itoring of herbal extraction processes, optimizing conditions for
maximum yield and purity. However, limitations of Raman spec-
troscopy include fluorescence interference, expensive instru-
mentation, and low sensitivity for some compounds.36 In sum,
UV-Vis, IR, and Raman spectroscopy play vital roles in the
standardization of natural drugs by ensuring their authenticity,
purity, and consistency. Combining these techniques enhances
the reliability of natural drug standardization, ultimately improv-
ing their therapeutic efficacy and safety. As advancements in
spectroscopic technology continue, these methods will become
even more robust in ensuring the quality control of herbal med-
icines and natural drug formulations.

Emerging Analytical Frontiers in Herbal
Medicine Standardization

Mass Spectrometry Imaging (MS1)

Mass Spectrometry Imaging (MSI) is an innovative analytical
technique that combines molecular identification with spatial
visualization, enabling the direct mapping of metabolite distribu-
tions in plant tissues without requiring extraction or labeling.*'
Unlike traditional mass spectrometry, MSI allows determination
specific metabolites location within a sample, offering insights
into tissue-specific biosynthesis, accumulation, and storage of
bioactive compounds.”* This spatial resolution is crucial in
herbal medicine standardization, particularly when targeting spe-
cific parts of plants (eg, roots, leaves, or flowers) for pharmaco-
logical use. Common MSI techniques include Matrix-Assisted
Laser Desorption/Ionization (MALDI-MSI) and Desotption
Electrospray Ionization (DESI-MSI), both of which are compat-
ible with complex matrices like dried plant sections or frozen tis-
sues.*>" By correlating metabolite maps with plant histology,
MSI can help distinguish between genuine and adulterated
herbal samples and identify localized patterns of contamination
or degradation. Moreover, MSI can uncover the co-localization
of synergistic phytochemicals, supporting the rationale for poly-
herbal formulations.** As the demand for precision herbal pro-
ducts grows, MSI is emerging as a valuable tool not only for
quality control and authentication but also for phytochemical
discovery, functional validation, and standardization of trad-
itional herbal formulations at a much higher resolution.

Awmbient Ionization Technigues (DEST-MS and
DART-MS)

Ambient ionization techniques, such as Desorption Electrospray
Ionization Mass Spectrometry (DESI-MS) and Direct Analysis



Alum et al.

in Real Time Mass Spectrometry (DART-MS), are novel analytical
platforms that allow rapid, direct analysis of complex herbal sam-
454 These methods eliminate
the need for extensive sample preparation, making them ideal for

ples under atmospheric conditions.

time-sensitive applications like point-of-care quality control, field
authentication, or on-site screening of commercial herbal pro-
ducts.*® In DESI-MS, charged solvent droplets are directed onto
a sample's surface, desorbing and ionizing analytes for mass spec-
trometric analysis. In contrast, DART-MS uses a heated gas stream
to ionize compounds directly from a surface.*® These techniques
are particularly useful for detecting low-molecular-weight bioactive
compounds, contaminants, or adulterants in finished herbal for-
mulations like capsules or powders.46 Their high sensitivity and
real-time output allow rapid fingerprinting and comparison across
product batches.”” Moreover, ambient ionization can be integrated
with portable MS instruments, facilitating mobile metabolomics.*’
This is particularly valuable in regions where laboratory access is
limited. As regulators push for improved traceability and consumer
protection in the herbal industry, DESI-MS and DART-MS pro-
vide cutting-edge, cost-effective tools for ensuring authenticity,
safety, and compliance with quality standards in herbal medicine
supply chains.

Stable Isotope Ratio Analysis (SIRA)

Stable Isotope Ratio Analysis (SIRA) is a powerful technique that
evaluates the natural abundance of stable isotopes such as
carbon-13  (1*C), nitrogen-15 (*’N), oxygen-18 (**0), and
hydrogen-2 (*H) within herbal products to determine their geo-
graphical origin, cultivation conditions, and authenticity.*®
These isotopic fingerprints arise from environmental factors
like soil composition, climate, water sources, and photosynthetic
pathways, which vary across regions and influence the isotopic
composition of plant metabolites.”® In the context of herbal
standardization, SIRA serves as a forensic tool to trace adulter-
ation, verify sourcing claims, and ensure label integrity, especially
for high-value medicinal plants like ginseng, saffron, or tur-

- 30,49,50
meric.

For example, a formulation claiming Himalayan ori-
gin can be isotopically matched against known reference profiles.
SIRA is non-destructive and requires only small sample volumes,
and its results are highly reproducible.”’ It is increasingly being
adopted in food fraud investigations and is now expanding into
botanical and herbal product authentication. When combined
with metabolomics, SIRA enhances quality control by linking
chemical composition with origin-specific markers, thereby sup-
potting supply chain transparency and regulatory compliance.”’
As herbal trade becomes globalized, SIRA offers a scientific basis
for validating provenance, deterring fraud, and strengthening
consumer confidence in natural products.

Capillary Electrophoresis—Mass Spectrometry (CE-MS)

Capillary Electrophoresis—Mass Spectrometry (CE-MS) is an
advanced hyphenated technique that integrates the high-
resolution separation capabilities of capillary electrophoresis

with the sensitive detection power of mass spectrometry.’”
CE-MS is particulatly suited for the analysis of polar, charged,
and thermally labile phytochemicals often found in herbal for-
mulations, such as organic acids, amino acids, alkaloids, and fla-
vonoid glycosides.52 Unlike liquid chromatography, which relies
on column interactions and can sometimes overlook small ionic
compounds, CE separates analytes based on their charge-to-size
ratio in an electric field, making it an excellent complementary
method.”” The minimal sample volume requirement (nanoliters)
and fast run times make CE-MS especially attractive for precious
or limited herbal samples.53 Furthermore, CE-MS operates with
aqueous buffers, reducing the need for organic solvents and
enhancing its environmental friendliness.”* In herbal standard-
ization, CE-MS can be employed for fingerprinting, quantitative
profiling, and identification of marker compounds, particularly
in formulations with a wide polarity rfmge.54 It has also been
used to differentiate between species or chemotypes of the
same herb. Although still underutilized in herbal research,
CE-MS is gaining attention due to its unique selectivity and com-
patibility with high-throughput metabolomics workflows.

Single-Cell Metabolomics

Single-cell metabolomics is a cutting-edge technology that ana-
lyzes the metabolite content of individual plant cells, offering
unprecedented resolution into the cellular heterogeneity of medi-
cinal herbs.”® Traditional metabolomics assesses bulk tissue
extracts, potentially masking important biochemical variations
between different cell types or tissues. In contrast, single-cell
metabolomics uses techniques like micro-sampling, capillary
electrophoresis, or droplet-based microfluidics combined with
high-resolution mass spectrometry to quantify the metabolite
content of a single cell.”® This approach is especially relevant
for medicinal plants with complex tissues, such as roots contain-
ing vascular bundles and resin ducts, or leaves with secretory tri-
chomes. By identifying cell-specific biosynthetic hotspots,
researchers can pinpoint where critical bioactive compounds
are synthesized and accumulated.”” For example, alkaloids or
terpenoids might be enriched in specific glandular cells, knowl-
edge of which can inform selective harvesting or genetic engin-
eering strategies.57 Furthermore, single-cell metabolomics can be
used to study stress responses, developmental stages, or interac-
tions between cells, offering new insights into how environmen-
tal factors impact metabolite biosynthesis.”® Though still in its
infancy, the integration of single-cell approaches into herbal
research promises to enhance our understanding of phytochem-
ical dynamics, optimize cultivation strategies, and enable more
targeted standardization and extraction protocols.

Metabolomies-Guided Genome Mining

Metabolomics-guided genome mining is an integrated approach
that links metabolomic data with genomic information to iden-
tify the biosynthetic pathways and gene clusters responsible for
the production of bioactive metabolites in medicinal plants.”
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By aligning metabolic fingerprints with transcriptomic and gen-
omic datasets, researchers can uncover the genetic basis of key
phytochemical traits, enabling precise marker-assisted selection,
metabolic engineering, and synthetic biology applications.”
This approach is especially useful for uncovering cryptic or low-
abundance compounds that may have therapeutic potential but
are difficult to isolate through conventional methods. Using
tools like antiSMASH, BiG-SCAPE, and GNPS, researchers
can predict biosynthetic gene clusters for alkaloids, flavonoids,
and terpenoids, and validate their expression patterns through
metabolomics.”" In the context of herbal medicine standard-
ization, metabolomics-guided genome mining offers the ability
to establish genetic “barcodes” for quality control and authenti-
cation.®” Tt also enables the development of engineered plant
lines or microbial hosts for the sustainable production of high-
value compounds.®® This is particularly useful for endangered
or slow-growing medicinal plants. As sequencing costs continue
to decline, and multi-omics integration becomes more routine,
this technique is poised to redefine how herbal formulations
are discovered, optimized, and standardized.

Microfluidies-Based Metabolomics (Lab-on-Chip)

Microfluidics-based metabolomics, also known as lab-on-chip
technology, represents a transformative advancement in the field
of analytical herbal medicine.”” This technique involves the mini-
aturization of analytical processes into microfluidic devices,
which handle extremely small fluid volumes (in the range of
nanoliters to microliters).”* These systems integrate sample
preparation, separation, reaction, and detection on a single
chip, drastically reducing analysis time, reagent consumption,
and cost. For herbal standardization, microfluidic platforms
can be coupled with spectroscopic or mass spectrometric detec-
tors to perform rapid screening of complex phytochemical mix-
tures.® Applications include fingerprinting of herbal extracts,
monitoring batch-to-batch consistency, and detecting adulterants
or degradation products.”” Moreover, microfluidic chips can be
designed to mimic physiological environments, enabling on-chip
bioassays for antioxidant or cytotoxic activity screening.®® This
makes them highly adaptable for high-throughput pharmaco-
logical testing. Their portability and speed are especially advanta-
geous in resource-constrained settings where large-scale
instrumentation is impractical. Despite their early-stage adoption
in herbal research, ongoing developments in chip fabrication,
automation, and integration with machine learning are expected
to revolutionize point-of-care diagnostics and on-site quality

. .. 66
control in traditional medicine.””

Microfluidics holds promise
as a rapid, eco-friendly, and highly scalable tool for metabolomic
analysis and herbal standardization.

Table 1 categorizes and summarizes both conventional and
emerging techniques based on their analytical purpose, strengths,
limitations, and recent advancements. It highlights how these tech-
niques contribute to quality control, metabolite profiling, authenti-
cation, and regulatory validation of traditional herbal formulations.
The integration of advanced methods such as mass spectrometry

imaging, ambient ionization, single-cell metabolomics, and
Al-enhanced data analysis represents a paradigm shift from con-
ventional bulk profiling to more precise, scalable, and high-
resolution standardization. This categorization offers a valuable
reference for researchers, regulatory bodies, and manufacturers
aiming to select appropriate analytical platforms for specific stand-
ardization goals in phytopharmaceutical development.

Applications of Metabolomics in
Standardization

Recent metabolomic investigations have shown considerable
promise in enhancing the standardization and quality control
of herbal medications. Studies on widely used traditional formu-
lations, such as Ayurvedic, TCM, and African herbal remedies,
have revealed distinct metabolomic signatures that help differen-
tiate genuine formulations from adulterated or substandard pro-
ducts. Metabolomics provides a comprehensive methodology
for examining TCM, consistent with the intricate, multi-faceted
characteristics of TCM.®” This technique has been employed to
assess the efficacy and safety of herbal medications, investigate
their mechanisms of action, and find possible biomarkers.”®
Research on ginseng by Crighton et al®” shows that metabolo-
mics can help solve problems with adulteration and contamin-
Other

successful studies include Panax ginseng quality control, Salvia mil-

ation in herbal products during quality control.

tiorrhiza authentication, Curcuma longa standardization, Gingo
biloba putity assessment, and Artemisia annua optirnization.m‘71
Metabolomics helps distinguish between different species, iden-
tify bioactive diterpenoids and phenolic acids, verify curcumi-
noid content, and improve antimalarial potency. These studies
highlight the importance of metabolomics in herbal medicine.
Furthermore, metabolomics aids in elucidating the synergistic
interactions of multiple bioactive compounds within a formula-
tion, providing a scientific basis for their therapeutic effects.
Despite being in its nascent phase, metabolomics has the poten-
tial to advance TCM research, set worldwide standards, and
facilitate the modernization of herbal therapy.®” By integrating
metabolomics into natural product research, the field moves clo-
ser to establishing a robust and reproducible framework for
herbal medicine standardization. This approach not only ensures
product quality but also enhances regulatory acceptance, paving
the way for the global integration of traditional formulations into
modern medical practice.

Standardization Challenges and Solutions

Despite the growing recognition of traditional herbal formula-
tions in healthcare, their widespread acceptance is hindered by
significant challenges in standardization (Table 2). These chal-
lenges span across technical, regulatory, and practical domains,
each presenting unique barriers to the integration of herbal
medicine into mainstream healthcare.
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Technical Challenges and Solutions

Variability in plant sources, geographical conditions, harvesting
techniques, and processing methods contributes to inconsisten-
cies in the chemical composition of herbal medicines.'"*'"
Additionally, the presence of contaminants, adulterants, and vat-
iations in bioactive compound concentrations complicates qual-

ity control efforts.'”

These inconsistencies lead to fluctuating
therapeutic efficacy and safety profiles. Metabolomics provides
a promising technical solution to these issues by offering a com-
prehensive and reproducible approach to analyzing the complete
metabolic profile of herbal formulations. This allows for the cre-
ation of chemical fingerprints that serve as consistent quality
benchmarks.'**'"> Chemometric tools, such as principal com-
ponent analysis (PCA) and orthogonal partial least squates-
discriminant analysis (OPLS-DA), further enhance metabolomic
applications by enabling the classification and authentication of

formulations based on their metabolite profiles.'”

Regulatory Challenges and Solutions

Regulatory gaps remain a major obstacle to standardization, as
there is often no unified framework to assess and certify the
quality and efficacy of traditional herbal formulations.'”’
These gaps hinder the development of internationally recog-
nized guidelines, delaying the integration of herbal medicines
into conventional healthcare systems. Metabolomics can play a
central role in regulatory advancements by contributing to the
development of standardized reference databases and quality
control frameworks for herbal products.'”*'" Through the
establishment of validated metabolic fingerprints and thresholds,
regulatory agencies can more accurately assess product authen-
ticity, safety, and therapeutic potential.

Practical Challenges and Solutions

On a practical level, limited awareness and accessibility of
advanced analytical tools such as metabolomics in developing
regions pose barriers to implementation. Furthermore, the trad-
itional knowledge base often lacks documentation, complicating
efforts to modernize and validate herbal practices.'"” The inte-
gration of bioactivity-guided metabolomic approaches bridges
the gap between traditional medicine and modern evidence-
based practices. By aligning traditional formulations with meas-
urable biological activities and consistent metabolomic profiles,
manufacturers and researchers can improve product standard-

ization.""" This not only ensures batch-to-batch consistency
but also boosts consumer confidence and facilitates the global
acceptance of herbal products as safe and effective therapeutic

.36
alternatives.”

Future Perspectives

The integration of metabolomics into the standardization of
traditional herbal formulations marks a significant step toward

bridging the gap between traditional knowledge and modern sci-
entific practices. As the field of metabolomics continues to
evolve, there is growing potential to refine and optimize these
methodologies for more accurate and reproducible results.
The development of high-throughput platforms, combined
with advanced analytical techniques, will enable the profiling
of an even greater diversity of herbal formulations, further
enhancing our ability to ensure their quality and therapeutic effi-
cacy.'® Additionally, the use of artificial intelligence and machine
learning for predictive analysis and metabolite identification is
strongly encouraged.

Looking ahead, the standardization of herbal formulations
through metabolomics can contribute to the creation of compre-
hensive, globally accepted databases that could serve as refer-
ence points for regulators, manufacturers, and consumers
alike. Regulatory bodies may increasingly rely on metabolomic
data to set quality standards and authenticate herbal medicines,
fostering trust in natural products and supporting their integra-
tion into modern healthcare systems. Moreover, biotechnology
innovations, such as the synthesis of herbal ingredients in con-
trolled environments, could further enhance consistency across
production batches, addressing concerns related to plant
variability,"'*

Herbal medicine's future hinges on the creation of an evidence-
based model combining modern technologies with ancient wis-
dom. In this sense, metabolomics will not only be essential for
standardizing but also for releasing novel therapeutic possibilities
for herbal compositions. Metabolomics could direct the creation
of personalized and focused herbal treatments that fit individual
health profiles by offering molecular knowledge of how bioactive
components interact in complicated systems.

Application of Artificial Intelligence and Machine 1_earning in
Plant Extract Metabolomics

The analysis of plant extracts using metabolomics has gained sig-
nificant attention due to the complexity and diversity of phyto-
chemicals present in medicinal and functional plants. Artificial
intelligence (AI) and machine learning (ML) approaches are
increasingly being employed to manage, interpret, and extract
meaningful biological insights from the vast and multidimensional
data generated during metabolomic profiling of plant materials.'"”
These advanced computational techniques enable the identifica-
tion of key bioactive compounds, classification of plant species
or varieties, and prediction of pharmacological activities based
on metabolic signatures.'”” Supervised ML algotithms such as
Random Forest, Support Vector Machines (SVM), and Partial
Least Squares-Discriminant Analysis (PLS-DA) have been widely
used to differentiate between plant species, growth conditions, or
treatment groups based on their metabolite compositions." '
These models also facilitate biomarker discovery by ranking meta-
bolites according to their importance in classification, which is
particulatly useful in quality control and authentication of herbal
products.'’> Deep learning methods, including convolutional
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neural networks (CNNs) and recurrent neural networks (RNNis),
are now being applied to uncover complex, non-linear patterns
within large-scale datasets obtained from techniques such as
LC-MS, GC-MS, and NMR spectroscopy.“(’

Unsupervised approaches like principal component analysis
(PCA), hierarchical clustering, and t-distributed stochastic neigh-
bor embedding (t-SNE) are commonly used to visualize meta-
bolic variation and explore relationships between samples
without prior class labels."'” These methods help identify pat-
terns and outliers, offering insights into the influence of environ-
mental factors, geographic origin, or processing techniques on
phytochemical profiles. Moreover, Al-driven integration of
metabolomics with transcriptomic or genomic data enables
researchers to link metabolic phenotypes with gene expression
profiles, advancing our understanding of biosynthetic pathways
and regulatory networks in medicinal plants.118 Platforms such
as MetaboAnalyst, XCMS Online, and KNIME, as well as pro-
gramming frameworks like Python (scikit-learn, TensorFlow)
and R, provide flexible environments for implementing ML
models tailored to plant extract studies.''™'*"

In practical terms, Al and ML are being used to predict anti-
oxidant, antimicrobial, or anti-inflammatory potential of plant
extracts based on metabolite fingerprints, thereby accelerating
the screening and validation of plant-derived compounds for
therapeutic use. To ensure robustness and reproducibility, rigot-
ous model validation using cross-validation, bootstrapping, or
independent test sets is essential. By integrating Al and machine
learning into plant metabolomics, researchers can enhance the
accuracy, efficiency, and scalability of phytochemical analysis,
ultimately contributing to the discovery and development of
novel bioactive compounds from natural sources.

Recommendations

To strengthen the standardization of herbal medicine using
metabolomics, the following recommendations are proposed

(Table 3).

Conclusion

The integration of metabolomics into the standardization of
traditional herbal formulations has revolutionized how these
complex mixtures are analyzed, authenticated, and validated.
However, advancing this field requires not only technological
adoption but also targeted research strategies. One critical
research direction is the implementation of longitudinal stability
studies, which evaluate how metabolite profiles of herbal pro-
ducts change over time under various storage, processing, and
environmental conditions. Such studies are essential for estab-
lishing evidence-based shelf-life parameters and ensuring long-
term therapeutic consistency.

Additionally, future work should focus on multi-omics integra-
tion, particularly combining metabolomics with transcriptomics,
proteomics, and microbiomics to decipher the undetlying biosyn-
thetic pathways and host-plant interactions that influence

bioactivity. This systems-level approach can uncover novel bio-
markers and synergistic compounds that conventional techniques
may overlook.

Further research is also needed in metabolomics-informed
clinical validation, where metabolomic profiles are linked to
pharmacodynamic and pharmacokinetic outcomes through
human or animal trials. These studies will help translate labora-
tory findings into clinically relevant standards.

Finally, the development of Al-driven predictive models, real-
time portable metabolomics tools, and region-specific metabolo-
mic databases for herbal authentication represent promising
innovations. Prioritizing these directions will strengthen regula-
tory acceptance and global integration of herbal medicine in
evidence-based healthcare.

Acknowledgment
The authors are grateful to Kampala International University for its
supportt.

ORCID iDs

Esther Ugo Alum
Simeon Ikechukwu Egba

https://otcid.org/0000-0003-4105-8615
https://orcid.org/0000-0002-8442-8869

Ethics Approval
Not applicable

Consent to Participate

Not applicable

Consent to Publish Declaration
Not applicable

Authors’ Contributions
Conceptualization: Esther Ugo Alum, Simeon Ikechukwu Egba
Methodology: Esther Ugo Alum, Daniel Ejim Ut, Darlington
Arinze Echegu, Okechukwu Paul-Chima Ugwu
Resources: Peter Chinedu Agu, Vaithiyalingam Subramanian

Manjula

Supervision: Vaithiyalingam Subramanian Manjula, Simeon
Tkechukwu Egba

Software: Peter Chinedu Agu

Validation: ~ Darlington ~ Arinze  Echegu,  Vaithiyalingam

Subramanian Manjula

Investigation: Esther Ugo Alum, Daniel Ejim Uti, Darlington
Arinze Echegu

Writing — original draft: Esther Ugo Alum, Daniel Ejim Uti

Writing — review & editing: Esther Ugo Alum, Vaithiyalingam
Subramanian Manjula, Daniel Ejim Ut, Datlington Arinze Echegu,
Okechukwu Paul-Chima Ugwu, Simeon lkechukwu FEgba, Peter
Chinedu Agu

Funding

The authors received no financial support for the research, authorship,
and/or publication of this article.


https://orcid.org/0000-0003-4105-8615
https://orcid.org/0000-0003-4105-8615
https://orcid.org/0000-0002-8442-8869
https://orcid.org/0000-0002-8442-8869

12

Natural Product Communications 20(8)

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to

the research, authorship, and/or publication of this article.

Data Sharing Statement

All data are utilized in the manuscript.

Clinical Trial Date of Registration

Not applicable.

Clinical Trial Registration Number

Not applicable.

Clinical Trial Registry

Not applicable.

References

1.

Busia K. Herbal medicine dosage standardisation. | Herb Med.
2024;46:100889. doi:10.1016/j.hermed.2024.100889

Van Vuuren SF, Motlhatlego KE, Netshia V. Traditionally used
polyherbals in a southern African therapeutic context. [
Ethnopharmacol. 2022;288:114977. doi:10.1016/j.jep.2022.114977
Ut DE, Atangwho 1J, Alum EU, Egba SI, Ugwu OPC,
Ikechukwu GC. Natural antidiabetic agents: current evidence
and development pathways from medicinal plants to clinical
use. Nat Prod  Commun. 2025;20(3):1934578X-251323393.
doi:10.1177/1934578X251323393

Hlatshwayo S, Thembane N, Krishna SBN, Ggaleni N, Ngcobo
M. Extraction and processing of bioactive phytoconstituents
from widely used South African medicinal plants for the prepar-
ation of effective traditional herbal medicine products: a narrative
review. Plants. 2025;14(2):206. doi:10.3390/plants14020206
Matole V, Thorat Y, Ghurghure S, et al. A brief review on herbal
medicines. Res | Pharm Phytochem. 2021;13(2):101-102. doi:10.
52711/0975-4385.2021.00016

EMAN RESEARCH PUBLISHING | Just Accepted Abstract|
A Review of Significance of Herbal Medicine and its Evolution as
a Therapeutics&nbsp;in Global Healthcare. Accessed February
13, 2025. http://publishing.emanresearch.org/Journal/
JustAcceptedAbstract/5245.

Alum EU. The role of indigenous knowledge in advancing the
therapeutic use of medicinal plants: challenges and opportunities.
Plant Signal Behav. 2024;19(1):2439255. doi:10.1080/15592324.
2024.2439255

Djafarova E, Rushworth C. Exploring the credibility of online
celebrities” Instagram profiles in influencing the purchase deci-
sions of young female users. Comput Human Bebhav. 2017;68:1-7.
doi:10.1016/j.chb.2016.11.009

Alum EU. Sustainable harvesting of medicinal plants: balancing
therapeutic benefits with environmental conservation. Agroecol
Sustain Syst. 2025;49(3):380-385. Accessed November 2, 2024.
https://www.tandfonline.com/doi/ full/10.1080/21683565.
2024.2421948.

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

Narayan S. Traditional knowledge in drug development and the
rights of indigenous peoples: a legal and ethical perspective.
Accessed June 7, 2025. https://www.ashdin.com/articles/
traditional-knowledge-in-drug-development-and-the-rights-of-
indigenous-peoples-a-legal-and-ethical-perspective-1099737.html.
Marchev AS, Vasileva LV, Amirova KM, Savova MS,
Balcheva-Sivenova ZP, Georgiev MI. Metabolomics and health:
from nutritional crops and plant-based pharmaceuticals to profil-
ing of human biofluids. Ce// Mol Life Sci. 2021;78(19-20):6487—
6503. doi:10.1007/s00018-021-03918-3

Heintrich M, Scotti F, Andrade-Cetto A, et al. Access and benefit
sharing under the Nagoya protocol—quo vadis? Six Latin
American case studies assessing opportunities and risk. Front
Pharmacol. 2020;11:765. doi:10.3389/fphatr.2020.00765

Salem MA, Perez de Souza L, Serag A, et al. Metabolomics in the
context of plant natural products research: from sample prepar-
ation to metabolite analysis. Mezabolites. 2020;10(1):37. doi:10.
3390/metabo10010037

Gupta R, Gaur S. LC-MS investigated as a tool to study the meta-
bolomic characteristics of cereal fermentation. App/ Food Res.
2024;4(1):100365. doi:10.1016/].afres.2023.100365

Rao Gajula SN, Nanjappan S. Chapter 5 - Metabolomics: a recent
advanced omics technology in herbal medicine research. In:
Aftab T, Hakeem KR, eds. Medicinal and Aromatic Plants.
Academic Press; 2021:97-117.

Garcia-Pérez P, Becchi PP, Zhang L, Rocchetti G, Lucini L.
Metabolomics and chemometrics: the next-generation analytical
toolkit for the evaluation of food quality and authenticity.
Trends Food Sci Technol. 2024;147:104481. doi:10.1016/j.tifs.2024.
104481

Kuballa T, Kaltenbach KH, Teipel ], Lachenmeier DW.
Liquid nuclear magnetic resonance (NMR) spectroscopy in
transition—from  structure eclucidation to multi-analysis
method. Separations. 2023;10(11):572. doi:10.3390/separations
10110572

Emwas AH, Roy R, McKay RT, et al. NMR Spectroscopy for
metabolomics research. Metabolites. 2019;9(7):123. doi:10.3390/
metabo9070123

Sarkar J, Singh R, Chandel S. Understanding I.C/MS-based meta-
bolomics: a detailed reference for natural product analysis.
PROTEOMICS — Clin Appl. 2025;19(1):e202400048. doi:10.
1002/ prca.202400048

Tian Z, Liu F, Li D, Fernie AR, Chen W. Strategies for structure
elucidation of small molecules based on LC-MS/MS data from
complex biological samples. Comput  Struct  Biotechnol ]
2022;20:5085-5097. d0i:10.1016/j.csbj.2022.09.004

Blazenovi¢ I, Kind T, Ji], Fiehn O. Software tools and approaches
for compound identification of LC-MS/MS data in metabolomics.
Metabolites. 2018;8(2):31. doi:10.3390/metabo8020031

Aarika K, Rajyalakshmi R, Nalla LV, Gajula SNR. From com-
plexity to clarity: expanding metabolome coverage with innova-
tive analytical strategies. | Sep Sei. 2025;48(2):¢70099. doi:10.
1002/jssc.70099

Thomas SN, French D, Jannetto PJ, Rappold BA, Clarke WA.
Liquid chromatography—tandem mass spectrometry for clinical


https://doi.org/10.1016/j.hermed.2024.100889
https://doi.org/10.1016/j.jep.2022.114977
https://doi.org/10.1177/1934578X251323393
https://doi.org/10.3390/plants14020206
https://doi.org/10.52711/0975-4385.2021.00016
https://doi.org/10.52711/0975-4385.2021.00016
https://doi.org/10.52711/0975-4385.2021.00016
http://publishing.emanresearch.org/Journal/JustAcceptedAbstract/5245
http://publishing.emanresearch.org/Journal/JustAcceptedAbstract/5245
http://publishing.emanresearch.org/Journal/JustAcceptedAbstract/5245
https://doi.org/10.1080/15592324.2024.2439255
https://doi.org/10.1080/15592324.2024.2439255
https://doi.org/10.1016/j.chb.2016.11.009
https://www.tandfonline.com/doi/full/10.1080/21683565.2024.2421948
https://www.tandfonline.com/doi/full/10.1080/21683565.2024.2421948
https://www.tandfonline.com/doi/full/10.1080/21683565.2024.2421948
https://www.ashdin.com/articles/traditional-knowledge-in-drug-development-and-the-rights-of-indigenous-peoples-a-legal-and-ethical-perspective-1099737.html
https://www.ashdin.com/articles/traditional-knowledge-in-drug-development-and-the-rights-of-indigenous-peoples-a-legal-and-ethical-perspective-1099737.html
https://www.ashdin.com/articles/traditional-knowledge-in-drug-development-and-the-rights-of-indigenous-peoples-a-legal-and-ethical-perspective-1099737.html
https://www.ashdin.com/articles/traditional-knowledge-in-drug-development-and-the-rights-of-indigenous-peoples-a-legal-and-ethical-perspective-1099737.html
https://doi.org/10.1007/s00018-021-03918-3
https://doi.org/10.1007/s00018-021-03918-3
https://doi.org/10.1007/s00018-021-03918-3
https://doi.org/10.1007/s00018-021-03918-3
https://doi.org/10.3389/fphar.2020.00765
https://doi.org/10.3390/metabo10010037
https://doi.org/10.3390/metabo10010037
https://doi.org/10.1016/j.afres.2023.100365
https://doi.org/10.1016/j.tifs.2024.104481
https://doi.org/10.1016/j.tifs.2024.104481
https://doi.org/10.3390/separations10110572
https://doi.org/10.3390/separations10110572
https://doi.org/10.3390/metabo9070123
https://doi.org/10.3390/metabo9070123
https://doi.org/10.1002/prca.202400048
https://doi.org/10.1002/prca.202400048
https://doi.org/10.1016/j.csbj.2022.09.004
https://doi.org/10.3390/metabo8020031
https://doi.org/10.1002/jssc.70099
https://doi.org/10.1002/jssc.70099

Alum et al.

13

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

diagnostics. Nat Rev Methods Primers. 2022;2(1):96. doi:10.1038/
s43586-022-00175-x

Rakusanova S, Cajka T. Tips and tricks for LC-MS-based meta-
bolomics and lipidomics analysis. 12AC, Trends Anal Chem.
2024;180:117940. doi:10.1016/j.trac.2024.117940

Gowda GAN, Raftery D. Quantitative NMR methods in meta-
bolomics. Handb Exp Pharmacol. 2023;277:143-164. doi:10.
1007/164_2022_612

Liao GQ, Tang HM, Yu YD, Fu LZ, Li §J, Zhu MX. Mass
spectrometry-based metabolomic as a powerful tool to unravel
the component and mechanism in TCM. Chin  Med.
2025;20(1):62. doi:10.1186/s13020-025-01112-2

Sharma N, Anurag H, Sharma A. Application of high-
performance thin layer chromatography mass spectrometry
HPTLC MS) in foodomics authenticity. Talanta Open.
2024;9:100315. doi:10.1016/j.talo.2024.100315

Debnath S, Das M, Mondal S, Sarkar BK, Babu G. Advances in
chromatography: contemporary techniques and applications.
Essential  Chem.  2025;2(1):1-27.  doi:10.1080/28378083.2025.
2466624

Ku S, Park G, Jang YP. Two-Dimensional high-performance
thin-layer chromatography with bioautography for distinguishing
Angelicae Dahuricae radix varieties: chemical fingerprinting and
antioxidant profiling. Plants. 2024;13(10):1348. doi:10.3390/
plants13101348

Noviana E, Indrayanto G, Rohman A. Advances in fingerprint
analysis for standardization and quality control of herbal medi-
cines. Front Pharmacol. 2022;13:853023. doi:10.3389/fphat.2022.
853023

Gafner S, Blumenthal M, Foster S, Cardellina JHI, Khan IA,
Upton R. Botanical ingredient forensics: detection of attempts
to deceive commonly used analytical methods for authenticating
herbal dietary and food ingredients and supplements. | Naz Prod.
2023;86(2):460-472. doi:10.1021/acs.jnatprod.2c00929

Ren J, Yang L, Qiu S, Zhang AH, Wang X]J. Efficacy evaluation,
active ingredients, and multitarget exploration of herbal medicine.
Trends Endocrinol Metab. 2023;34(3):146—157. doi:10.1016/j.tem.
2023.01.005

Rakhee J, Sharma RK, Misra K. Chapter 9 - characterization
techniques for herbal products. In: Misra K, Sharma P,
Bhardwaj A, eds. Management of High Altitude Pathophysiology.
Academic Press; 2018:171-202.

Es’haghi Z. Photodiode array detection in clinical applications;
quantitative analyte assay advantages, limitations and disadvan-
tages. In: Photodiodes - Communications, Bio-Sensings, Measurements
and High-Energy Physics. IntechOpen; 2011.

Dhull P, Dunuweera S, Bietsch J, et al. Recent advances and
application of liquid chromatography in pharmaceutical industry.
J Lig Chromatogr Relat Technol. 2025;48(6-10):168-187. doi:10.
1080/10826076.2024.2448692

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
2023;14:1265178. doi:10.3389/fphar.2023.1265178

Pharmacol.

37.

38.

39.

40.

41.

42.

43

44,

45.

46.

47.

48.

49.

50.

51.

Kharbach M, Alaoui Mansouri M, Taabouz M, Yu H. Current
application of advancing spectroscopy techniques in food ana-
lysis: data handling with chemometric approaches. Foods.
2023;12(14):2753. doi:10.3390/foods12142753

Kyriacou P, Budidha K, Abay TY. Optical techniques for blood
and tissue oxygenation. In: Narayan R, ed. Ewgyclopedia of
Biomedical Engineering. Elsevier; 2019:461-472. doi:10.1016/
B978-0-12-801238-3.10886-4

Johnson JB, Walsh KB, Naiker M, Ameer K. The use of infrared
spectroscopy for the quantification of bioactive compounds in
food: a review. Molecules. 2023;28(7):3215. doi:10.3390/
molecules28073215

Jones RR, Hooper DC, Zhang L, Wolverson D, Valev VK.
Raman techniques: fundamentals and frontiers. Nanoscale Res
Letz. 2019;14:231. doi:10.1186/s11671-019-3039-2

Garcfa-Rojas NS, Sierra-Alvarez CD, Ramos-Aboites HE,
Moreno-Pedraza A, Winkler R. Identification of plant com-
pounds with mass spectrometry imaging (MSI). Metabolites.
2024;14(8):419. doi:10.3390/metabo14080419

Chen Y], Zeng HS, Jin H, Wang H. Applications of mass spec-
trometry imaging in botanical research. _Adv Biotechnol.
2024;2(1):6. doi:10.1007/s44307-024-00014-y

Granborg JR, Handler AM, Janfelt C. Mass spectrometry imaging
in drug distribution and drug metabolism studies — principles,
applications and perspectives. 12AC, Trends Anal  Chem.
2022;146:116482. doi:10.1016/j.trac.2021.116482

Miller WH, Verdin A, De Pauw E, Malherbe C, Eppe G.
Sutface-assisted laser desorption/ionization mass spectrometry
imaging: a review. Mass Spectrom  Rev. 2022;41(3):373-420.
doi:10.1002/mas.21670

Shrestha SA, Cha S. Ambient desorption/ionization mass spec-
trometry for direct solid material analysis. TrAC, Trends Anal
Chem. 2021;144:116420. doi:10.1016/j.trac.2021.116420
Rankin-Turner S, Heaney LM. Applications of ambient ioniza-
tion mass spectrometry in 2020: an annual review. Awal Sci
Adp. 2021;2(3-4):193-212. doi:10.1002/ansa.202000135

Wang H, So PK, Habib A, Xu Y, Bianchi F. Editorial: Ambient
ionization mass spectrometry: From fundamentals to real-life
applications. Front Chem. 2023;11:1182894. doi:10.3389/fchem.
2023.1182894

Perini M, Pianezze S, Ziller L, Larcher R, Pace R. Stable isotope
ratio analysis for the authentication of natural antioxidant curcu-
minoids from Curcuma longa (turmeric). Antioxidants (Basel).
2023;12(2):498. doi:10.3390/antiox12020498

Balekundri A, Mannur V. Quality control of the traditional herbs
and herbal products: a review. Fuz | Pharm Sci. 2020;6(1):67.
doi:10.1186/s43094-020-00091-5

D, Ragupathy S, SG,
Mohanasundaram S, Sathishkumar R. Estimating herbal product

Shanmughanandhan Newmaster
authentication and adulteration in India using a vouchered,
DNA-based biological reference material library. Drug Saf.
2016;39(12):1211-1227. doi:10.1007/540264-016-0459-0

Grundy HH, Hird HJ, Romero R, et al. Review of capability of
methods for the verification of country of origin for food and


https://doi.org/10.1038/s43586-022-00175-x
https://doi.org/10.1038/s43586-022-00175-x
https://doi.org/10.1038/s43586-022-00175-x
https://doi.org/10.1038/s43586-022-00175-x
https://doi.org/10.1038/s43586-022-00175-x
https://doi.org/10.1016/j.trac.2024.117940
https://doi.org/10.1007/164_2022_612
https://doi.org/10.1007/164_2022_612
https://doi.org/10.1186/s13020-025-01112-2
https://doi.org/10.1186/s13020-025-01112-2
https://doi.org/10.1186/s13020-025-01112-2
https://doi.org/10.1186/s13020-025-01112-2
https://doi.org/10.1016/j.talo.2024.100315
https://doi.org/10.1080/28378083.2025.2466624
https://doi.org/10.1080/28378083.2025.2466624
https://doi.org/10.3390/plants13101348
https://doi.org/10.3390/plants13101348
https://doi.org/10.3389/fphar.2022.853023
https://doi.org/10.3389/fphar.2022.853023
https://doi.org/10.1021/acs.jnatprod.2c00929
https://doi.org/10.1016/j.tem.2023.01.005
https://doi.org/10.1016/j.tem.2023.01.005
https://doi.org/10.1080/10826076.2024.2448692
https://doi.org/10.1080/10826076.2024.2448692
https://doi.org/10.3389/fphar.2023.1265178
https://doi.org/10.3390/foods12142753
https://doi.org/10.1016/B978-0-12-801238-3.10886-4
https://doi.org/10.1016/B978-0-12-801238-3.10886-4
https://doi.org/10.1016/B978-0-12-801238-3.10886-4
https://doi.org/10.1016/B978-0-12-801238-3.10886-4
https://doi.org/10.1016/B978-0-12-801238-3.10886-4
https://doi.org/10.1016/B978-0-12-801238-3.10886-4
https://doi.org/10.1016/B978-0-12-801238-3.10886-4
https://doi.org/10.3390/molecules28073215
https://doi.org/10.3390/molecules28073215
https://doi.org/10.1186/s11671-019-3039-2
https://doi.org/10.1186/s11671-019-3039-2
https://doi.org/10.1186/s11671-019-3039-2
https://doi.org/10.1186/s11671-019-3039-2
https://doi.org/10.3390/metabo14080419
https://doi.org/10.1007/s44307-024-00014-y
https://doi.org/10.1007/s44307-024-00014-y
https://doi.org/10.1007/s44307-024-00014-y
https://doi.org/10.1007/s44307-024-00014-y
https://doi.org/10.1016/j.trac.2021.116482
https://doi.org/10.1002/mas.21670
https://doi.org/10.1016/j.trac.2021.116420
https://doi.org/10.1002/ansa.202000135
https://doi.org/10.3389/fchem.2023.1182894
https://doi.org/10.3389/fchem.2023.1182894
https://doi.org/10.3390/antiox12020498
https://doi.org/10.1186/s43094-020-00091-5
https://doi.org/10.1186/s43094-020-00091-5
https://doi.org/10.1186/s43094-020-00091-5
https://doi.org/10.1186/s43094-020-00091-5
https://doi.org/10.1007/s40264-016-0459-0
https://doi.org/10.1007/s40264-016-0459-0
https://doi.org/10.1007/s40264-016-0459-0
https://doi.org/10.1007/s40264-016-0459-0

14

Natural Product Communications 20(8)

52.

53.

54.

55.

50.

57.

58.

59.

60.

61.

62.

63.

64.

65.

teed. Food Stand Agency. Published online July 30, 2024. doi:10.
46756/ scifsa.ple720

Semail NF, Yahaya N, Mohamed AH, Chen DDY, Zain NNM.
Advances and applications of capillary electrophoresis mass spec-
trometry in food analysis: strategies for online and offline precon-
centration. Electrophoresis. 2025;46(5-6):263—278. doi:10.1002/
elps.202400211

Patel VD, Shamsi SA, Sutherland K. Capillary electromigration tech-
niques coupled to mass spectrometry: applications to food analysis.
Trends Analyt Chem. 2021;139:116240. doi:10.1016/j.trac.2021.116240
Mardkova K, Opetova M, Tomasovsky R. Capillary
electrophoresis-mass spectrometry for intact protein analysis:
pharmaceutical and biomedical applications (2018-March 2023).
J Sep Sci. 2023;46(15):2300244. doi:10.1002/jssc.202300244
Pandian K, Matsui M, Hankemeier T, Ali A, Okubo-Kurihara E.
Advances in single-cell metabolomics to unravel cellular hetero-
geneity in plant biology. Plant Physiol. 2023;193(2):949-965.
doi:10.1093/plphys/kiad357

Abouleila Y, Ali A, Masuda K, Mashaghi A, Shimizu Y. Capillary
microsampling-based single-cell metabolomics by mass spec-
trometry and its applications in medicine and drug discovery.
Cancer Biomark. 2022;33(4):437—447. doi:10.3233/CBM-210184
Huang W, Wang Y, Tian W, et al. Biosynthesis investigations of
terpenoid, alkaloid, and flavonoid antimicrobial agents derived
from medicinal plants. _Antibiotics (Basel). 2022;11(10):1380.
doi:10.3390/antibiotics 11101380

Wang Z, Ge S, Liao T, et al. Integrative single-cell metabolomics
and phenotypic profiling reveals metabolic heterogeneity of cellu-
lar oxidation and senescence. Nat Commun. 2025;16(1):2740.
doi:10.1038/s41467-025-57992-3

Caesar LK, Montaser R, Keller NP, Kelleher NL.. Metabolomics
and genomics in natural products research: complementary tools
for targeting mnew chemical entities. Naf Prod Rep.
2021;38(11):2041-2065. doi:10.1039/d1np00036¢
Navarro-Mufioz JC, Selem-Mojica N, Mullowney MW, et al. A
computational framework to explore large-scale biosynthetic
diversity. Nat Chem Biol.  2020;16(1):60-68. doi:10.1038/
s41589-019-0400-9

Blin K, Shaw S, Augustijn HE, et al. antiSMASH 7.0: new and
improved predictions for detection, regulation, chemical struc-
tures and visualisation. Nucleic Acids Res. 2023;51(W1):W46—
W50. doi:10.1093/nar/gkad344

Howard C, Lockie-Williams C, Slater A. Applied barcoding: the
practicalities of DNA testing for herbals. Planzs. 2020;9(9):1150.
doi:10.3390/plants9091150

Lu Z, Yuan Y, Han Q, Wang Y, Liang Q. Lab-on-a-chip: an
advanced technology for the modernization of traditional
Chinese medicine. Chin  Med. 2024;19:80. doi:10.1186/
$13020-024-00956-4

Das A, Prajapati P. Navigating pharmaceuticals: microfluidic
devices in analytical and formulation sciences. Discov Cherm.
2025;2(1):49. doi:10.1007/s44371-025-00133-y

Morais AS, Mendes M, Cordeiro MA, et al. Organ-on-a-Chip: ubi
sumus? Fundamentals and design aspects. Pharmacentics.
2024;16(5):615. doi:10.3390/ pharmaceutics 16050615

60.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Lim J, Li J, Zhou M, Xiao X, Xu Z. Machine learning research
trends in traditional Chinese medicine: a bibliometric review. Inf
J Gen Med. 2024;17:5397-5414. doi:10.2147/IJGM.S495663
Wang P, Wang Q, Yang B, Zhao S, Kuang H. The progress of
metabolomics study in traditional Chinese medicine research. A
J Chin Med. 2015;43(07):1281-1310. doi:10.1142/50192415X15
500731

Shi ], Cao B, Wang XW, et al. Metabolomics and its application to
the evaluation of the efficacy and toxicity of traditional Chinese
herb medicines. | Chromatogr B. 2016;1026:204-216. doi:10.
1016/j.jchromb.2015.10.014

Crighton E, Mullaney I, Trengove R, Bunce M, Maker G. The
application of metabolomics for herbal medicine pharmacovigi-
lance: a case study on ginseng. Newsholme P, ed. Essays
Biochem. 2016;60(5):429—-435. doi:10.1042/EBC20160030

Kilinc H, D’Urso G, Paolillo A, Alankus O, Piacente S, Masullo
M. LC-MS and NMR based plant metabolomics: a comprehen-
sive phytochemical investigation of Symphytum anatolicum.
Metabolites. 2023;13(10):1051. doi:10.3390/metabo13101051

Mu X, Yu H, Li H, et al. Metabolomics analysis reveals the effects
of Salvia miltiorrhiza Bunge extract on ameliorating acute myo-
cardial ischemia in rats induced by isoproterenol. Helyon.
2024;10(9):¢30488. doi:10.1016/j.heliyon.2024.¢30488

Ratan ZA, Haidere MF, Hong YH, et al. Pharmacological poten-
tial of ginseng and its major component ginsenosides. | Ginseng
Res. 2021;45(2):199-210. doi:10.1016/5.jgt.2020.02.004
Mikulska P, Malinowska M, Ignacyk M, et al. Ashwagandha
(Withania somnifera)—current research on the health-promoting
activities: a narrative review. Pharmacentics. 2023;15(4):1057.
doi:10.3390/pharmaceutics15041057

Shinde S, Balasubramaniam AK, Mulay V, Saste G, Girme A,
Hingorani L. Recent advancements in extraction techniques of
ashwagandha (Withania somnifera) with insights on phytochem-
icals, structural significance, pharmacology, and current trends in
food applications. ACS Omega. 2023;8(44):40982—41003. doi:10.
1021/acsomega.3c03491

Polumackanycz M, Petropoulos SA, Sledziriski T, et al. Withania
somnifera L.: phenolic compounds composition and biological
activity of commercial samples and its aqueous and hydrometha-
nolic extracts. Antioxidants (Basel). 2023;12(3):550. doi:10.3390/
antiox12030550

Smirnova E, Moniruzzaman M, Chin S, et al. A review of the role
of curcumin in metal induced toxicity. _Antioxidants.
2023;12(2):243. doi:10.3390/antiox12020243

Botto JM, Loftredo L, Menon GK, Champy P, Hadji-Minaglou
F. Exhaustive analytical profiling of phytocompounds in botan-
ical active ingredients: fighting the global prevalence of adulter-
ated  botanical  ingredients for  cosmetics.  Cosmetics.
2025;12(2):63. doi:10.3390/ cosmetics12020063

Kumar T, Rai AK, Dwivedi A, et al. Chemical characterization
for the detection of impurities in tainted and natural Curcuma
longa from India using LIBS coupled with PCA. _Azms.
2022;10(3):91. doi:10.3390/atoms 10030091

Das R, Lami MS, Chakraborty AJ, et al. Ginkgo biloba: a treasure
of functional phytochemicals with multimedicinal applications.


https://doi.org/10.46756/sci.fsa.ple720
https://doi.org/10.46756/sci.fsa.ple720
https://doi.org/10.1002/elps.202400211
https://doi.org/10.1002/elps.202400211
https://doi.org/10.1016/j.trac.2021.116240
https://doi.org/10.1002/jssc.202300244
https://doi.org/10.1093/plphys/kiad357
https://doi.org/10.3233/CBM-210184
https://doi.org/10.3233/CBM-210184
https://doi.org/10.3390/antibiotics11101380
https://doi.org/10.1038/s41467-025-57992-3
https://doi.org/10.1038/s41467-025-57992-3
https://doi.org/10.1038/s41467-025-57992-3
https://doi.org/10.1038/s41467-025-57992-3
https://doi.org/10.1039/d1np00036e
https://doi.org/10.1038/s41589-019-0400-9
https://doi.org/10.1038/s41589-019-0400-9
https://doi.org/10.1038/s41589-019-0400-9
https://doi.org/10.1038/s41589-019-0400-9
https://doi.org/10.1038/s41589-019-0400-9
https://doi.org/10.1093/nar/gkad344
https://doi.org/10.3390/plants9091150
https://doi.org/10.1186/s13020-024-00956-4
https://doi.org/10.1186/s13020-024-00956-4
https://doi.org/10.1186/s13020-024-00956-4
https://doi.org/10.1186/s13020-024-00956-4
https://doi.org/10.1186/s13020-024-00956-4
https://doi.org/10.1007/s44371-025-00133-y
https://doi.org/10.1007/s44371-025-00133-y
https://doi.org/10.1007/s44371-025-00133-y
https://doi.org/10.1007/s44371-025-00133-y
https://doi.org/10.3390/pharmaceutics16050615
https://doi.org/10.2147/IJGM.S495663
https://doi.org/10.1142/S0192415X15500731
https://doi.org/10.1142/S0192415X15500731
https://doi.org/10.1016/j.jchromb.2015.10.014
https://doi.org/10.1016/j.jchromb.2015.10.014
https://doi.org/10.1042/EBC20160030
https://doi.org/10.3390/metabo13101051
https://doi.org/10.1016/j.heliyon.2024.e30488
https://doi.org/10.1016/j.jgr.2020.02.004
https://doi.org/10.3390/pharmaceutics15041057
https://doi.org/10.1021/acsomega.3c03491
https://doi.org/10.1021/acsomega.3c03491
https://doi.org/10.3390/antiox12030550
https://doi.org/10.3390/antiox12030550
https://doi.org/10.3390/antiox12020243
https://doi.org/10.3390/cosmetics12020063
https://doi.org/10.3390/atoms10030091

Alum et al.

15

80.

81.

82.

83.

84.

85.

80.

87.

88.

89.

90.

91.

92.

93.

94.

Evid Based Complement Alternat Med. 2022;2022:8288818. doi:10.
1155/2022/8288818

Biernacka P, Adamska I, Felisiak K. The potential of Ginkgo
biloba as a source of biologically active compounds—A review
of the recent literature and patents. Molecules. 2023;28(10):3993.
doi:10.3390/molecules28103993

Manayi A, Vazirian M, Saeidnia S. Echinacea purpurea: pharma-
cology, phytochemistry and analysis methods. Pharmacogn Rev.
2015;9(17):63-72. doi:10.4103/0973-7847.156353

Harun NH, Mohamad MF. Zingiber officinale (ginger): a system-
atic review and meta-analysis on antimicrobial activities. | App
Pharm Sei. 2023;13(3):1-11. doi:10.7324/JAPS.2023.8330
Szymczak |, Grygiel-Goérniak B, Cielecka-Piontek J. Zingiber
officinale roscoe: the antiarthritic potential of a popular spice—
preclinical and clinical evidence. Nutrients. 2024;16(5):741.
doi:10.3390/nu16050741

Mondal S, Karande M, Strivastava S, Sharma A, Sharma S, Ghosh
A. Unravelling the microbiome perspective to variations in tea
metabolome. Ind Crops Prod. 2025;223:120129. doi:10.1016/j.
indcrop.2024.120129

Luo Q, Luo L, Zhao J, Wang Y, Luo H. Biological potential and
mechanisms of Tea’s bioactive compounds: an updated review. |
Adp Res. 2024;65:345-363. doi:10.1016/j.jare.2023.12.004
Otero MC, Ceric F, Miranda-Rojas S, et al. Documentary analysis
of Hypericum perforatum (St. John’s Wort) and its effect on
depressive disorders. Pharmaceuticals. 2024;17(12):1625. doi:10.

3390/ph17121625
LiY, Meng Q, Yang M, et al. Current trends in drug metabolism
and  pharmacokinetics.  Acta  Pharmacentica  Sinica  B.

2019;9(6):1113-1144. doi:10.1016/j.apsb.2019.10.001

He G, Man ], Chen Y, et al. Identification of Salvia miltiorrhiza
germplasm resources based on metabolomics and DNA barcod-
ing. Front Pharmacol. 2025;15:1518906. doi:10.3389/fphar.2024.
1518906

Jung I, Kim H, Moon S, Lee H, Kim B. Overview of Salvia mil-
tiorrhiza as a potential therapeutic agent for various diseases: an
update on efficacy and mechanisms of action. Antioxidants (Basel).
2020;9(9):857. doi:10.3390/antiox9090857

Program NT. Aristolochic acids. In: 75#h Report on Carcinogens
[Internet]. National Toxicology Program; 2021. Accessed April
3, 2025. https://www.ncbi.nlm.nih.gov/books/NBK590841/.
Li C, Li X, Niu M, et al. Unveiling correlations between aristo-
lochic acids and liver cancer: spatiotemporal heterogeneity phe-
nomenon. Chin Med. 2024;19(1):132. doi:10.1186/s13020-024-
01003-y

Liu J, Banuvar S, Viana M, et al. Pharmacokinetic interactions of
a licorice dietary supplement with cytochrome P450 enzymes in
female participants. Drug Metab Dispos. 2023;51(2):199-204.
doi:10.1124/dmd.122.001050

Wahab S, Annadurai S, Abullais SS, et al. Glycyrrhiza glabra
(Licorice): a comprehensive review on its phytochemistry, bio-
logical activities, clinical evidence and toxicology. Plants (Basel).
2021;10(12):2751. doi:10.3390/plants10122751

Wang Y, Harrington P de B, Chen P. Metabolomic profiling and
comparison of major cinnamon species using UHPLC-HRMS.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Anal  Bioanal ~ Chem.
$00216-020-02904-1
Pagliari S, Forcella M, Lonati E, et al. Antioxidant and anti-
effect
J. Presl) bark extract after in vitro digestion simulation. Foods.
2023;12(3):452. doi:10.3390/foods12030452

Leite VdS, Ikehara BRM, Almeida Nd, Augusti R, Pinto FG.
Rapid discrimination of geographical origin of garlic (L.): a meta-

2020;412(27):7669-7681.  doi:10.1007/

inflammatory of cinnamon (Cinnamomum verum

bolomic approach applied to paper spray mass spectrometry data.
Rapid Commun Mass Spectrom. 2024;38(13):¢9743. doi:10.1002/
rem. 9743

Ozma MA, Abbasi A, Ahangarzadeh Rezaee M, et al. A critical
review on the nutritional and medicinal profiles of Garlic’s
(Allium sativum L.) bioactive compounds. Food Rev Int.
2023;39(9):6324—6361. doi:10.1080/87559129.2022.2100417
Mashayekhi-Sardoo H, Rezaee R, Karimi G. Nigella sativa (black
seed) safety: an overview. Asian Biomed (Res Rev News).
2020;14(4):127-137. doi:10.1515/abm-2020-0020

Ferizi R, Ramadan MF, Maxhuni Q. Black seeds (Nigella sativa)
medical application and pharmaceutical perspectives. | Pharm
Bioallied Sci. 2023;15(2):63-67. doi:10.4103/jpbs.jpbs_364_22
Sarkar S, Singh RP, Bhattacharya G. Exploring the role of
Azadirachta indica (neem) and its active compounds in the regu-
lation of biological pathways: an update on molecular approach. 3
Biotech. 2021;11(4):178. doi:10.1007/s13205-021-02745-4
Karnwal A, Jassim AY, Mohammed AA, Sharma V, Al-Tawaha
ARMS, Sivanesan I. Nanotechnology for healthcare: plant-
derived nanoparticles in disease treatment and regenerative medi-
cine. Pharmacenticals. 2024;17(12):1711. doi:10.3390/ph17121711
Alum EU. Climate change and its impact on the bioactive com-
pound profile of medicinal plants: implications for global health.
Plant Signal Bebav. 2024;19(1):2419683. doi:10.1080/15592324.
2024.2419683

van Wyk AS, Prinsloo G. Health, safety and quality concerns of
plant-based traditional medicines and herbal remedies. S Afr | Boz.
2020;133:54—62. doi:10.1016/j.sajb.2020.06.031

Qiu §, Cai Y, Yao H, et al. Small molecule metabolites: discovery
of biomarkers and therapeutic targets. Signal Transduct Target Ther.
2023;8:132. doi:10.1038/s41392-023-01399-3

Sillé F, Hartung T. Metabolomics in preclinical drug safety assess-
ment: current status and future trends. Mezabolites. 2024;14(2):98.
doi:10.3390/metabo14020098

Mahboubifar M, Zidorn C, Farag MA, Zayed A, Jassbi AR.
Chemometric-based drug discovery approaches from natural ori-
gins using hyphenated chromatographic techniques. Phytochen
Anal. 2024;35(5):990-1016. doi:10.1002/pca.3382

Dubale S, Usure RE, Mekasha YT, et al. Traditional herbal medi-
cine legislative and regulatory framework: a cross-sectional quan-
titative study and archival review perspectives. Front Pharmacol.
2025;16:1475297. doi:10.3389/fphar.2025.1475297

Ikhoyameh M, Okete WE, Ogboye RM, Owoyemi OK,
Gbadebo OS. Integrating traditional medicine into the African
healthcare system post-Traditional Medicine Global Summit:
challenges and recommendations. Pan Afr Med |. 2024;47(146).
doi:10.11604/pamj.2024.47.146.43011


https://doi.org/10.1155/2022/8288818
https://doi.org/10.1155/2022/8288818
https://doi.org/10.3390/molecules28103993
https://doi.org/10.4103/0973-7847.156353
https://doi.org/10.4103/0973-7847.156353
https://doi.org/10.7324/JAPS.2023.8330
https://doi.org/10.3390/nu16050741
https://doi.org/10.1016/j.indcrop.2024.120129
https://doi.org/10.1016/j.indcrop.2024.120129
https://doi.org/10.1016/j.jare.2023.12.004
https://doi.org/10.3390/ph17121625
https://doi.org/10.3390/ph17121625
https://doi.org/10.1016/j.apsb.2019.10.001
https://doi.org/10.3389/fphar.2024.1518906
https://doi.org/10.3389/fphar.2024.1518906
https://doi.org/10.3390/antiox9090857
https://www.ncbi.nlm.nih.gov/books/NBK590841/
https://www.ncbi.nlm.nih.gov/books/NBK590841/
https://doi.org/10.1186/s13020-024-01003-y
https://doi.org/10.1186/s13020-024-01003-y
https://doi.org/10.1186/s13020-024-01003-y
https://doi.org/10.1186/s13020-024-01003-y
https://doi.org/10.1124/dmd.122.001050
https://doi.org/10.3390/plants10122751
https://doi.org/10.1007/s00216-020-02904-1
https://doi.org/10.1007/s00216-020-02904-1
https://doi.org/10.1007/s00216-020-02904-1
https://doi.org/10.1007/s00216-020-02904-1
https://doi.org/10.1007/s00216-020-02904-1
https://doi.org/10.3390/foods12030452
https://doi.org/10.1002/rcm.9743
https://doi.org/10.1002/rcm.9743
https://doi.org/10.1080/87559129.2022.2100417
https://doi.org/10.1515/abm-2020-0020
https://doi.org/10.1515/abm-2020-0020
https://doi.org/10.1515/abm-2020-0020
https://doi.org/10.4103/jpbs.jpbs_364_22
https://doi.org/10.1007/s13205-021-02745-4
https://doi.org/10.1007/s13205-021-02745-4
https://doi.org/10.1007/s13205-021-02745-4
https://doi.org/10.1007/s13205-021-02745-4
https://doi.org/10.3390/ph17121711
https://doi.org/10.1080/15592324.2024.2419683
https://doi.org/10.1080/15592324.2024.2419683
https://doi.org/10.1016/j.sajb.2020.06.031
https://doi.org/10.1038/s41392-023-01399-3
https://doi.org/10.1038/s41392-023-01399-3
https://doi.org/10.1038/s41392-023-01399-3
https://doi.org/10.1038/s41392-023-01399-3
https://doi.org/10.3390/metabo14020098
https://doi.org/10.1002/pca.3382
https://doi.org/10.3389/fphar.2025.1475297
https://doi.org/10.11604/pamj.2024.47.146.43011

16

Natural Product Communications 20(8)

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Balkrishna A, Sharma N, Stivastava D, Kukreti A, Srivastava S,
Arya V. Exploring the safety, efficacy, and bioactivity of herbal
medicines: bridging traditional wisdom and modern science in
healthcare. Fur Integr Med. 2024;3(1):35-49. doi:10.14218/FIM.
2023.00086

Masondo NA, Makunga NP. Advancement of analytical techni-
ques in some South African commercialized medicinal plants:
current and future perspectives. S Afr | Bot. 2019;126:40-57.
doi:10.1016/j.5ajb.2019.06.037

Zeng ], Jia X. Systems theory-driven framework for Al integration
into the holistic material basis research of traditional Chinese medi-
cine. Engineering. 2024;40:28-50. doi:10.1016/j.eng:2024.04.009
Alamgir ANM. Biotechnology, in vitro production of natural bio-
active compounds, herbal preparation, and disease management
(treatment and prevention). Therap Use Med Plants Extracts: 170/
2. 2018;74:585—664. doi:10.1007/978-3-319-92387-1_7

Galal A, Talal M, Moustafa A. Applications of machine learning
in metabolomics: disease modeling and classification. Front Genet.
2022;13:1017340. doi:10.3389/fgene.2022.1017340

Ghosh T, Zhang W, Ghosh D, Kechris K. Predictive modeling
for metabolomics data. Methods Mol Biol. 2020;2104:313-336.
doi:10.1007/978-1-0716-0239-3_16

Alavi-Siney SM, Saba J, Siahpirani AF, Nasiri ]. Supervised and
unsupervised machine learning approaches for prediction and
geographical discrimination of Iranian saffron ecotypes based
on flower-related and phytochemical attributes. Inform Process
Agric. 2025;12(1):1-16. doi:10.1016/j.inpa.2023.12.002

Ding H, Hou H, Wang L, Cui X, Yu W, Wilson DI. Application of
convolutional neural networks and recurrent neural networks in
food safety. Foods. 2025;14(2):247. d0i:10.3390/foods14020247
Verbeeck N, Caprioli RM, Van de Plas R. Unsupervised machine
learning for exploratory data analysis in imaging mass spectrometry.
Mass Spectrom Rev. 2020;39(3):245-291. doi:10.1002/mas.21602
Wang Y, Zhang J, Wang P, et al. Integrated transcriptomic and
metabolomic analysis reveals tissue-specific flavonoid biosynthesis
and MYB-mediated regulation of UGT71A1 in Panax quinquefo-
lius. Int | Mol Sci. 2025;26(6):2669. doi:10.3390/1jms26062669
Chong ], Yamamoto M, Xia J. Metaboanalystr 2.0: from raw
spectra to biological insights. Mezabolites. 2019;9(3):57. doi:10.
3390/metabo9030057

Sun §, Wang C, Ding H, Zou Q. Machine learning and its appli-
cations in plant molecular studies. Brigf Funct Genomics.
2020;19(1):40—48. doi:10.1093/bfgp/clz036

Mao Q, Xu JD, Kong M, et al. LC-MS-based metabolomics in
traditional Chinese medicines research: personal experiences.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Chin Herb Med. 2017;9(1):14-21. doi:10.1016/S1674-6384(17)
60071-6

Yoon D, Choi BR, Ma S, et al. Metabolomics for age discrimin-
ation of Ginseng using a multiplex approach to HR-MAS NMR
spectroscopy, UPLC-QTOF/MS, and GC X GC-TOF/MS.
Molecutes. 2019;24(13):2381. doi:10.3390/molecules24132381

Li LC, Zhang ZH, Zhou WC, et al. Lianhua Qingwen presctip-
tion for Coronavirus disease 2019 (COVID-19) treatment:
advances and prospects. Biomed Pharmacother. 2020;130:110641.
doi:10.1016/.biopha.2020.110641

Chen X, Wu Y, Chen C, et al
anti-COVID-19 pharmacological components of traditional

Identifying  potential

Chinese medicine Lianhuaqingwen capsule based on human
exposure and ACE2 biochromatography screening. Aca
Pharmacentica Sinica B. 2021;11(1):222-236. doi:10.1016/j.apsb.
2020.10.002

Hao D, Liu C. Chinese Herbal medicines will illuminate the post-
epidemic era. Chin Herb Med. 2022;14(2):169—170. doi:10.1016/j.
chmed.2022.03.005

Isogai T, Michihata N, Okada A, et al. Use of Japanese herbal
Kampo medicine in patients with acute cardiovascular dis-
ease - A 12-year nationwide cohort analysis. Circ J.
2024;88(8):1322-1331. doi:10.1253/citcj.CJ-23-0770

Nishi A, Ohbuchi K, Kushida H, et al. Deconstructing the trad-
itional Japanese medicine “Kampo™: compounds, metabolites
and pharmacological profile of maoto, a remedy for flu-like
symptoms. NPJ Syt Biol Appl 2017;3:32.  doi:10.1038/
s41540-017-0032-1

Park JD. Metabolism and drug interactions of Korean ginseng
based on the pharmacokinetic properties of ginsenosides: current
status and future perspectives. | Ginseng Res. 2024;48(3):253-265.
doi:10.1016/j.jgt.2024.02.003

Smith AB, Chekan JR. Engineering yeast for industrial-level pro-
duction of the antimalarial drug artemisinin. Trends Biotechnol.
2023;41(3):267-269. doi:10.1016/j.tibtech.2022.12.007

Zhao L, Zhu Y, Jia H, et al. From plant to yeast—advances in
biosynthesis of artemisinin. Molecules. 2022;27(20):6888. doi:10.
3390/molecules27206888

LiY, Liu X, Zhou J, Li F, Wang Y, Liu Q. Artificial intelligence in
traditional Chinese medicine: advances in multi-metabolite multi-
target interaction modeling. Front Pharmacol. 2025;16:1541509.
doi:10.3389/fphar.2025.1541509

Ji P, Yang X, Zhao X. Application of metabolomics in quality
control of traditional Chinese medicines: a review. Front Plant
Sei. 2024;15:1463666. doi:10.3389/ fpls.2024.1463666


https://doi.org/10.14218/FIM.2023.00086
https://doi.org/10.14218/FIM.2023.00086
https://doi.org/10.1016/j.sajb.2019.06.037
https://doi.org/10.1016/j.eng.2024.04.009
https://doi.org/10.1007/978-3-319-92387-1_7
https://doi.org/10.1007/978-3-319-92387-1_7
https://doi.org/10.1007/978-3-319-92387-1_7
https://doi.org/10.1007/978-3-319-92387-1_7
https://doi.org/10.1007/978-3-319-92387-1_7
https://doi.org/10.3389/fgene.2022.1017340
https://doi.org/10.1007/978-1-0716-0239-3_16
https://doi.org/10.1007/978-1-0716-0239-3_16
https://doi.org/10.1007/978-1-0716-0239-3_16
https://doi.org/10.1007/978-1-0716-0239-3_16
https://doi.org/10.1007/978-1-0716-0239-3_16
https://doi.org/10.1016/j.inpa.2023.12.002
https://doi.org/10.3390/foods14020247
https://doi.org/10.1002/mas.21602
https://doi.org/10.3390/ijms26062669
https://doi.org/10.3390/metabo9030057
https://doi.org/10.3390/metabo9030057
https://doi.org/10.1093/bfgp/elz036
https://doi.org/10.1016/S1674-6384(17)60071-6
https://doi.org/10.1016/S1674-6384(17)60071-6
https://doi.org/10.1016/S1674-6384(17)60071-6
https://doi.org/10.1016/S1674-6384(17)60071-6
https://doi.org/10.3390/molecules24132381
https://doi.org/10.1016/j.biopha.2020.110641
https://doi.org/10.1016/j.apsb.2020.10.002
https://doi.org/10.1016/j.apsb.2020.10.002
https://doi.org/10.1016/j.chmed.2022.03.005
https://doi.org/10.1016/j.chmed.2022.03.005
https://doi.org/10.1253/circj.CJ-23-0770
https://doi.org/10.1253/circj.CJ-23-0770
https://doi.org/10.1253/circj.CJ-23-0770
https://doi.org/10.1038/s41540-017-0032-1
https://doi.org/10.1038/s41540-017-0032-1
https://doi.org/10.1038/s41540-017-0032-1
https://doi.org/10.1038/s41540-017-0032-1
https://doi.org/10.1038/s41540-017-0032-1
https://doi.org/10.1016/j.jgr.2024.02.003
https://doi.org/10.1016/j.tibtech.2022.12.007
https://doi.org/10.3390/molecules27206888
https://doi.org/10.3390/molecules27206888
https://doi.org/10.3389/fphar.2025.1541509
https://doi.org/10.3389/fpls.2024.1463666

	 Introduction
	 Methodology
	 Metabolomics in Natural Product Research: Analytical Tools in Herbal Standardization
	 Spectroscopic Techniques in Standardization
	 Emerging Analytical Frontiers in Herbal Medicine Standardization
	 Mass Spectrometry Imaging (MSI)
	 Ambient Ionization Techniques (DESI-MS and DART-MS)
	 Stable Isotope Ratio Analysis (SIRA)
	 Capillary Electrophoresis–Mass Spectrometry (CE-MS)
	 Single-Cell Metabolomics
	 Metabolomics-Guided Genome Mining
	 Microfluidics-Based Metabolomics (Lab-on-Chip)

	 Applications of Metabolomics in Standardization
	 Standardization Challenges and Solutions
	 Technical Challenges and Solutions
	 Regulatory Challenges and Solutions
	 Practical Challenges and Solutions

	 Future Perspectives
	 Application of Artificial Intelligence and Machine Learning in Plant Extract Metabolomics

	 Recommendations
	 Conclusion
	 Acknowledgment
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


