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Abstract:

Among the bioactive phytochemicals found in nutraceuticals and functional foods, polyphenols hold
great importance as antioxidant, anti-inflammatory, cardioprotective, antibiotic-resistant, and therapeutic
agents. By scavenging for free radicals, chelating metal molecules, and modulating oxidative stress
pathways, they are instrumental in the prevention of chronic diseases caused by oxygen damage.
Accurate analysis of polyphenols is challenging due to structural diversity, polarity differences,
instability, and susceptibility to degradation during extraction and analysis. The main extraction methods
for polyphenol isolation are conventional solvent extraction,, ultrasonic-assisted extraction, supercritical
fluid extraction and pressurized liquid extraction; they are reviewed with regard to their mechanisms,
benefits and drawbacks. Moreover, ORAC, DPPH, and FRAP are commonly employed antioxidant
evaluation methods like CUPRAC for comparison. Additionally, it discusses recent developments in
hyphenated analytical methods, improved method techniques for sample preparation, and method
optimization strategies. The review highlights the importance of utilizing reliable analytical methods for
quality control, standardization, and regulatory compliance in nutraceutical development.
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. Introduction :

Over the last ten years, the popularity of nutraceutical products and functional foods has significantly
increased because they are crucial in helping to prevent certain illnesses. These products positively
impact human health due to the bioactive compounds they contain. Among the various plant chemicals,
polyphenols are particularly noteworthy for several reasons. They enhance the sensory qualities of natural
products, such as their color, astringency, and bitterness.(1)They are essential for describing the traits of
plants and their products, and can serve as markers for checking quality, classifying, and verifying
authenticity. There is strong evidence that consuming foods rich in phenolic compounds can lower the
risk of health issues due to their antioxidant properties. Specifically, polyphenols can protect the body
from oxidative damage, which may reduce the likelihood of developing several degenerative diseases
associated with harmful free radicals, like cancer, diabetes, and osteoporosis. Besides their general
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antioxidant effects, some compounds have been reported to have specific properties, like antiviral,
antimicrobial, or anti-inflammatory effects.(2) Factors such as the complexity of the chemicals,
differences in botanical sources, growing conditions, and extraction methods, along with how they are
formulated and the variety and degree of their use, can greatly affect the concentration and composition.
The structural diversity, differences in polarity, and the tendency of polyphenols to oxidize and degrade
create significant challenges for analysis. Therefore, it is essential to develop reliable, sensitive, and
reproducible analytical techniques for quality control, standardization, or meeting regulatory
requirements for nutraceutical formulations.(3)

1. Polyphenols :

Plants produce secondary metabolites known as phytolipids, which contain one or more phenolic rings
and attached hydroxyl groups. The various groups of phenolic rings can be identified by their potency,
with most being flavonoids, flavonoid compounds (such as psychoactive effects), and anthocyanins.
Other substances are not classified as flavanolic acid alcohols, but this subgroup is the most extensively
researched. Hydroxybenzoic and hyacindic acid derivatives are commonly used to classify the naturally
occurring polyphenols found in fruits, vegetables, nuts, coffee, seeds, and their agro-industrial by-
products, while stilbenes like resveratrol and various lignans have significant therapeutic benefits. The
biological significance of polyphenols lies in their capacity to donate electrons or hydrogen atoms, search
for reactive oxygen species, regulate metal ions, and modify the pathways related to oxidative stress
through photoprotection. Besides being potent antioxidants, polyphenols have numerous therapeutic
benefits such as anti-inflammatory, antimicrobial, cardioprotective, antidiabetic (anti-aging),
immunomodulatory, and cardiovascular properties. Additionally, they possess several other beneficial
effects. The growing usage of these natural health-promoting compounds in functional foods,
nutraceutical formulations, and pharmaceutical research highlights their significant role as both
preventive and therapeutic agents. Phenomenic compounds are biosynthetic, and their formation involves
several changes in the kimate pathway, including amino acids like penicillin that occur in plants and
fermented alkaloids. The first step involves synthesizing phytophenols from plant materials such as
shirazine to produce phenolic compound. Different structures and chemical features can be observed in
various forms of phenolic compounds.(4)

Flavonoids

( Known for antioxidant and anti-inflammatory properties,
found in fruits and vegetables.

L

( @ Offer antioxidant and antimicrobial effects, present in tea
and coffee.

Polyphenols —<

Stilbenes
e ONO
©Y® Associated with cardiovascular health and anti-aging, found

in grapes and berries.

—
@ May support hormone balance and reduce cancer risk, found
in flaxseeds and whole grains.

Fig 1: Classification of Polyphenols

IJCRT2606089 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | a753


http://www.ijcrt.org/

www.ijcrt.org © 2026 IJCRT | Volume 14, Issue 6 June 2026 | ISSN: 2320-2882

They form glycosidic bonds, and phenolic compounds also occur. Intermolecular mechanisms can be
used to create complex structures in plants.Linkages are employed in the creation of dimers, oligomers,
and polymers. Biosynthesis of plant phenolic compounds commences with the initial step. Phenylalanine,
an amino acid that comes from the shirazine.The kinatic pathway undergoes several changes in the
production of phenolic compounds after their formation.Different structures and chemical features can be
observed in various forms.The act of phenolic compound conjugation is accomplished through
modification.Glycides are produced by the presence of sugar residues.This conjugation increases the
solubility and stability of pheromone.phenolic compounds and influences theirbioavailability and
biological activity.In addition, the direct coupling of sugars to aromatic carbons can be achieved.Occur to
form glycosidic bonds.Moreover, phenolic compounds.The formation of complex structures in plants can
be achieved through the use of intermolecular mechanisms.The creation of dimers, oligomers, and
polymers involves the use of linkages.boosting the chemical activity of these compounds.(5)

I, Antioxidant Activity of Polyphenols :

One of the primary natural antioxidants studied, polyphenols exhibit remarkable ability to
counteract oxidative stress by employing multiple complementary mechanisms. The stability and
nonreactivity of these compounds are attributed to their chemical structure, which involves the
coordination of electron and hydrogen atom donations to reactive oxygen species and reactive nitrogen
species through the presence of multiple hydroxyl groups, conjugated double bonds, and aromatic
rings.Direct free radical scavenging is the mechanism by which most antioxidants operate, as
demonstrated by the reaction:

AH+R- —-A-+H-R

whereby polyphenol (AH) donates a hydrogen atom to the free agent(R), resulting in the formation of
essentially stable molecules and an unreactive polyphenol. (6)The breaking of the oxidative chain
reaction is essential to prevent further cellular damage. Polyphenols are effective as "chain breakers™ in
the oxidative process of lipid peroxidation, which is one of the most harmful processes in biological
membranes. The capacity of antioxidants is dependent on their structural properties. Highly conjugated
ring systems and multiple hydroxyl substituents in highly esteemed flavonoids, such as quercetin and
catechins, enable them to scavenge radicals. Sodium is the most important element in this complex, and
the hydroxyl groups on its aromatic structure are crucial for electron donation or hydrogen atom
formation. Polyphenol efficacy relies on structural analysis due to the direct correlation between
antioxidant activity and hydroxylation, which results in altered structure. Another important approach for
protecting against damage is through metal chelation. The hydroxyl radical (*OH) can be produced by the
binding of polyphenols with transition metal molecules like iron (Fe2+) and copper (Cu2+1), which are
recognized catalysts in the Fenton and Haber-Weiss reactions. Polyphenols prevent the creation of
harmful free radicals by retaining metal ions. This is important for biological systems.At the cellular
level, polyphenols have been shown to significantly boost endogenous antioxidant defenses. Through the
activation of Nrf2-Keapl signaling, they control upregulation in key antioxidant enzymes like SOD,
catalase and glutamine peroxidase.The protective effect of polyphenols on mitochondria, which are a
critical component of antioxidant defence due to their role as generating sites for ROS and being highly
susceptible to oxidative damage, is also evident. Specifically, flavones have been shown to reduce the
amount of ROS produced within mitochondria while maintaining structural and functional integrity in
mitochondrial structure and therefore decrease cell oxidative stress.(5)
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Polyphenolic Antioxidant Mechanisms
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Fig:2 Polyphenolic Antioxidant Key Mechanisms

There are specific subclasses that are exclusive to their respective antioxidant categories. The phenolic
acids, such as the hydroxybenzoic and cinnamic acid derivatives, have two main mechanisms of reaction:
they both donate hydrogen atoms to free radicals and neutralize them through their aromatic hydration
(hence the name of this catabolic acid) and electron transfer mechanism. Resveratrol and stilbenes are
both antioxidant-modulating compounds that target direct radicals. Through the donation of hydrogen
atoms, curcuminoids can counteract free radical damage and stimulate Nrf2 signaling for enhanced
enzymatic antioxidant defenecs. Seeds and grains contain lignans that exert antioxidant effects by
breaking down free radicals to strengthen endogenous antioxidant systems.Polyphenols possess
antioxidant properties such as preventing free radical damage, inhibiting peroxidation of lipids, chelating
transition metals and other compounds, stimulating Nrf2 pathways and protecting mitochondria.
Polyphenols act as potent oxidative stress modulators, making them useful in the prevention of chronic
diseases caused by free radical damage through their multi-layered defence mechanism.The Major
classes of polyphenolic compounds,examples, sources are described in table 2 (7)

Table 1 :Major classes of polyphenolic compounds,examples, sources and functional notes.

Class Example Key sources Antioxidant Bioavalibility
mechanism
Flavonoids | Quercetin, Fruits, vegetables, Radical Moderate but variable;
catechins, tea, wine scavenging, glycosides often improve
hesperidin, metal chelation, | solubility
luteolin enzyme
modulation,
signaling
pathway
regulation
Phenolic Gallic acid, Berries, coffee, Hydrogen Generally higher absorption
acids caffeic acid, whole grains donation, than flavonoids; rapid
ferulic acid electron transfer, | metabolism
metal chelation
Stilbenes Resveratrol, Grapes, peanuts, red | Sirtuin Low systemic bioavailability
pterostilbene wine activation, anti- | due to rapid conjugation
inflammatory,
ROS scavenging
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Lignans Secoisolaricire | Flaxseed, sesame, Phytoestrogenic | Converted by gut microbiota
sinol, whole grains, activity, into enterolignans;
matairesinol, legumes antioxidant, bioavailability depends on
enterolactone hormone microbiome

modulation

Anthocyan | Cyanidin, Berries, cherries, red | Pigment Poor stability, highly affected

ins delphinidin, cabbage, purple corn | antioxidants, by pH, heat, and processing
malvidin free radical

scavenging,

signaling

modulation
V. Sample Prepration :

The extraction of bioactive compounds from plant materials is the first step in the utilization of
phytochemicals in the preparation of dietary supplements or nutraceuticals. solation of the analytes is
carried out mainly by solvent extraction. This step depends mostly on the nature of the sample matrix and
the chemical properties of the phenolics, including molecular structure, polarity, concentration, number
of aromatic rings, and hydroxyl groups . Methanol, ethanol, acetone, or their mixture with water, as well
as ethyl acetate are usually used. Aqueous-organic solvents with acidic pH are often used because
polyphenols, particularly anthocyanins, are generally more stable at low pH. To release polymeric
polyphenols from the residue of extraction, different hydrolysis treatments (acid, alkaline, or enzymatic)
have been developed. The pH is another important factor that influences the extraction of phenolic
compounds. It depends on the nature of the compounds to be extracted and the sample. In general, it is
necessary to use low pH in the solvent extraction in order to prevent the oxidation of phenolic
compounds. (8). Across published literature, methanol/ethanol-water extraction with acidification,
followed by centrifugation, membrane filtration, and optional SPE cleanup, remains the dominant sample
preparation strategy for polyphenolic antioxidant analysis. Ultrasonic-assisted extraction has become the
most favored modern approach due to improved recovery, shorter extraction time, and reduced solvent
consumption(9) The Extraction Techniques are summarized in Table Below(7)

Table 2 : Summary of Extraction Techniques

Sr. | Extraction | Mechanism Advantages Disadvantages
no | Technique
1
Conventio | Uses solvents over Commonly used; | Chances of impurities;
nal extended periods, often | Easiest method Introduction of analytical errors
(Soxhlet, | with heat. Simple,
Maceratio | inexpensive apparatus.
n) (seeds, nuts, cereals)
2
Microwav | Uses microwave energy | Reduced solvent High capital cost
e Assisted | to heat the solvent and | usage; Higher
Extraction | intracellular water, extraction rate;
causing cell rupture. Improved
(seeds, bark, roots) extraction yield
3 Uses ultrasonic waves | Eco-friendly; Can | Lack of uniformity in the
(>20 kHz) to disrupt replace solvents distribution of ultrasound energy;
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Ultrasonic | plant cell walls and with GRAS Decline of power with time
Assisted enhance solvent solvents; High
Extraction | penetration. (leaves, extraction
soft fruits) efficiency;
Reduced
extraction time;
Good for
thermolabile
compounds
4
Super Uses a fluid (typically Eco-friendly High capital investment;
Critical CO») above its critical method; Can be Requirement of high pressure
Extraction | point, giving it gas and | used for
liquid properties. (grape | thermolabile
seed, oils) compounds
5
Pressurize | Uses elevated Less solvent; Less | Not suitable for thermolabile
d Liquid temperature and extraction time compounds
Extraction | pressure to enhance the
extraction of target
compounds (such as
polyphenols) from solid
matrices.

Antioxidant Assay

Due to the chemical diversity of phenolic compounds and the complexity of compaosition in plant
samples, it is costly and inefficient to separate each phenolic antioxidant and study it individually.
Moreover, an integrated total antioxidant power of a complex sample is often more meaningful to
evaluate the health benefits because of the cooperative action of antioxidants. Therefore, it is desirable to
establish convenient screening methods for quick quantification of antioxidant effectiveness of phenolic
extract samples. A variety of antioxidant assays such as Trolox equivalent antioxidant capacity (TEAC),
oxygen radical absorbance capacity (ORAC), total radical-trapping antioxidant parameter (TRAP), ferric
ion reducing antioxidant power (FRAP) and cupric ion reducing antioxidant capacity (CUPRAC) assays
have been widely used for quantification of antioxidant capacity of phenolic samples from fruits and
Molecules 2010, 15 7328 vegetables. The Folin-Ciocalteu antioxidant capacity assay (F-C assay, or total
phenolics assay) is also considered as another antioxidant capacity assay because its basic mechanism is
as oxidation/reduction reaction although it have been used as a measurement of total phenolics content
for many years. On the basis of the chemical reaction involved, major antioxidant assays can be roughly
classified as hydrogen atom transfer (HAT) and electron transfer (ET) reaction based assays although
these two reaction mechanisms can be difficult to distinguish in some cases (9)
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Table 3 : Summary of Antioxidant Assay

Sr.no | Assay | Principle/Description Key Advantage Key Disadvantage
1 * High cost: Requires
expensive, specialized
* High biological equipment (fluorometer).

Measures the relevance: Considered | « Lower reproducibility:
inhibition of peroxyl | more chemically Showed greater
radical-induced relevant for chain- variability between
oxidation of a breaking antioxidants. | cycles compared to
fluorescent probe « Effective in complex | DPPH and FRAP

ORAC (fluorescein). matrices: Accurately Pro-oxidant interference:
(complex foods like reflects antioxidant Can yield misleadingly
milk and juice) activity in mixtures low results for

like juice and milk. compounds that exhibit
pro-oxidant behavior
(e.g., EGCG).
2 DPPH * High reproducibility:
Measures the Consistently reliable
scavenging of the across repeated * Extremely slow reaction
stable 2,2-diphenyl-1- | measurements. * time: The reaction
picrylhydrazyl radical, | Strong correlation with | requires up to 24 h for
observed by a color phenolics: Showed an | completion, limiting its
change from purple to | excellent correlation practicality for high-
yellow. (fruits, with total polyphenol | throughput screening.
beverages) and catechin content in
tea (r = 0.99).
3 * High reproducibility:
Showed no significant
differences between
Measures the ability repeated » Lower chemical
of an antioxidant to determinations. relevance: Prone to issues
reduce ferric- * Very rapid: Features | with signal noise,

FRAP tripyridyltriazine a fast reaction time of | reaction kinetics, and
(Fe**-TPTZ) complex | approximately 30 min. | quantification compared
to its ferrous (Fe®") * Simplicity & low to ORAC.
form cost: Uses standard

laboratory

spectrophotometers.

4 Applicable to both Interference from
Measures the - : .
. . hydrophilic and reducing substances in

reduction in cupric l - .
. ipophilic antioxidants, | complex samples may
ions (Cu?") to cuprous .
. providing broad affect accuracy.

CUPRAC | ions (Cu*) by ioxidant

antioxidants in the antioxiaan
assessment.

presence of

neocuproine.
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Conclusion and Future Prospectives :

Nutraceuticals contain significant amounts of polyphenolic antioxidants, which are potent antioxidant
and therapeutic agents. Analytical difficulties arise mainly due to the significant structural diversity,
instability, and complexity of these structures. More efficient extraction methods, including ultrasound-
assisted and microwave-based techniques as well as the more advanced supercritical fluid and
pressurized liquid extraction have resulted in improved recovery times and reduced processing time
compared to traditional approaches. Similarly, antioxidant assays such as DPPH, FRAP, ORAC, and
CUPRAC can be utilized to evaluate the potency of antioxidants, while RP-HPLC is still an effective
analytical method for categorizing and quantifying polyphenolic compounds. Broadly speaking, efficient
extraction techniques must be integrated with high-throughput analytical and antioxidant evaluation
methods to ensure quality control and standardization of nutraceutical products. Research should be
conducted in the future to develop cleaner, faster, and more affordable methods for extracting analytes
that are more stable against solvents and consume less solvent. The use of sophisticated analytical
platforms like UHPLC, LC-MS/MS, and hyphenated techniques is anticipated to improve the
identification, selectivity, or structural characterization of complex polyphenols. The improvement of the
reproducibility and comparability of antioxidant assays through standardization and analytical protocol
harmonization is necessary for effective testing across studies. In addition, newer tools such as
chemometrics, metabolomics and Al-assisted analytical optimization could make significant progress in
polyphenol analysis improving overall quality of product, compliance with regulatory authorities and
developing more effective nutraceutical formulations.
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