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Introduction

Stress in plants; both biotic (caused by pests,
diseases) and abiotic (such as drought, salinity,
heat and cold) poses a major threat to
agricultural productivity worldwide. With
increasing climate variability and resource
limitations, improving plant stress tolerance has
become a priority in agronomy. While genetic
engineering and plant breeding have
contributed significantly, agronomic practices
remain the most accessible and scalable tools
for farmers to enhance stress resilience. This
article outlines and evaluates the various
agronomic  practices that help mitigate stress
and improve crop performance:.

1. Selection of Stress-Tolerant Varieties
Picking the right crop variety is one of the most
important things farmers can do to, manage
stress like drought or heat. These varieties are
specially bred to handle tough conditions
without needing big changes in how you farm.
Whether developed traditionally or through
new biotech methods, these crops have traits
that help them grow better when times are
tough. For example, some varieties use water
more efficiently or tolerate salty soils, which is

a big plus in climate-affected areas. By using
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these crops, farmers often save money on extra
inputs like water or fertilizers. Plus, having
stronger roots means the plants can find water
and nutrients more easily. It’s also important
that these varieties are affordable and available
locally, so farmers can easily adopt them.

2. Soil Health Management

Healthy soil is like a safety net for plants; it
helps protect them against drought, pests and
diseases. Adding organic matter such as
compost or manure improves the soil’s ability
to hold water and nutrients, which plants need
especially during stressful times. Healthy soil
also encourages helpful microbes that keep the
soil alive and balanced. When the soil is rich
and well-structured, roots can grow deeply and
access more resources, which is crucial when
water is scarce. Farmers can keep improving
their soil by adding crop residues and green
manure. Regular soil testing helps figure out
what the soil needs so farmers can make smart
decisions. In the long run, investing in soil
health means crops stay strong and yields stay

steady, no matter the weather.
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3. Efficient Water Management

Water is life for crops, but it’s also one of the
most limited resources, especially during
droughts. Using irrigation methods like drip
irrigation or collecting rainwater ensures that
water reaches the plants efficiently without
waste. Techniques like Alternate Wetting and
Drying in rice fields save water but still keep
yields high. These smart watering methods also
help prevent waterlogging, which can damage
roots and lead to discases. In dry areas, using
water carefully can make a big difference in
how much farmers harvest. By combining
weather forecasts with irrigation schedules,
farmers can water their crops at just the right
times. Plus; building small water storage ponds

helps keep water available during dry spells.

4. Nutrient Management

Good nutrition helps plants fight stress and
recover faster. Applying the right balance of
nutrients - like nitrogen, phosphorus, potassium
and important micronutrients - at the right time
keeps plants healthy and productive.
Deficiencies, especially in potassium or zinc,
can make plants weaker and more prone to
drought or disease. Farmers can also use foliar
sprays or fertigation to quickly supply nutrients
when plants need them most. Testing soil and
plant tissues helps figure out what nutrients are
missing so farmers don’t waste fertilizers.
Using a mix of organic and chemical fertilizers
supports both the plant and the soil. When

nutrients are well managed, plants maintain key

functions like controlling water loss and
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producing enzymes, which helps them survive

tough conditions.

5. Conservation Tillage

Conservation tillage means disturbing the soil
as little as possible, which helps keep it healthy
and moist. This method protects the soil from
erosion ;and keeps beneficial microbes alive,
making it easier for roots to grow. Techniques
like zero tillage also save fuel and reduce labor,
which lowers costs for farmers. Leaving crop
residues on the field works like a blanket — it
keeps the soil cool and holds moisture during
hot, dry weather. It also helps trap carbon in the
soil, which is good for the environment. Over
time, conservation tillage improves the soil’s
structure and reduces greenhouse gases.
Although it might take some getting used to,
many farmers find it pays off with better yields
and less effort.

6. Crop Rotation and Intercropping

Switching crops-in-a field (crop rotation) and
growing different crops together
(intercropping) help keep pests and diseases in
check. These practices also improve soil
fertility by adding nutrients and breaking pest
cycles. Growing legumes like beans or peas
adds nitrogen to the soil naturally, which
supports healthy crop growth. Intercropping
can also make better use of light, water and
nutrients, improving overall productivity. It
creates a more balanced and resilient farming

system that can handle changes in weather

better. Plus, having different crops means
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farmers can earn income from more than one
source. Choosing the right crops to grow

together is important to get the best results.

7. Use of Plant Growth Regulators (PGRs)

Plant Growth Regulators are substances that
help plants grow better under stress. They can
improve processes like photosynthesis. and
water use, helping crops stay healthy during
drought or heat. Examples include natural
hormones like abscisic acid and salicylic acid,
which boost tolerance to stress and diseases.
Using PGRs at key growth stages can help
plants develop stronger roots, delay aging of
leaves and improve overall survival. Research
is ongoing to find the best ways to apply these
regulators for different crops and conditions.
When used carefully, PGRs can be a powerful

tool in a farmer’s toolkit for managing stress.

8. Protected Cultivation

Protected cultivation involves growing plants in
controlled - environments like -greenhouses” or
under shade nets. This helps protect crops from
harsh weather, pests and diseases. It also allows
farmers to extend the growing season and
produce high-quality crops. These ' setups
reduce water loss and give precise control over
irrigation and nutrition, improving efficiency.
They also help farmers grow off-season
produce, which can fetch better prices. While
setting up protected cultivation requires some
investment, it often pays off through higher
yields and better crop quality.
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9. Timely Sowing and Transplanting

Planting crops at the right time can help them
avoid stressful weather like heat waves or early
frosts. Adjusting sowing dates based on local
weather and climate helps crops grow during
favorable conditions. For rainfed areas, timing
sowing with the start of the monsoon can
prevent drought or flood damage. Transplanting
seedlings at the right stage ensures strong
growth and better yields. Using weather
forecasts and agro-climatic advisories helps
farmers make these decisions. Getting the
timing right reduces risks from pests and

diseases as well.

10. Use of Stress-Ameliorating Agents

Stress-ameliorating agents like silicon, proline
or kaolin sprays help plants handle tough
conditions better. They protect plant cells,
improve water retention and boost antioxidant
activity, reducing damage from heat, salt or
drought. These agents are cost-effective and
easy to.include in regular foliar spray programs.
Farm trials show they can consistently improve
yields under stress. They also help plants
maintain nutrient uptake and cell stability.
Using these agents alongside other good
farming practices can greatly improve crop

resilience.

11. Integrated Pest and Disease Management
(IPDM)

When plants are stressed, they become more
vulnerable to pests and diseases. IPDM

combines cultural, biological and chemical
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methods to manage pests sustainably and
reduce crop losses. It emphasizes using
resistant crop varieties, natural enemies and
traps to avoid overusing pesticides. Monitoring
fields regularly helps farmers apply control
measures only when needed, protecting
beneficial insects. This approach reduces
pesticide resistance and environmental harm.
Training farmers on IPDM helps make it a

successful and widely adopted strategy.

12. Use of ICT and DSS Tools

Digital tools like smartphone apps, decision
support systems (DSS) and remote sensors
provide farmers with real-time information to
manage crops better. These tools use weather
data, soil moisture readings and satellite images
to predict stress and recommend actions.
Farmers can get early warnings about pests,
diseases or water needs through SMS or apps.
This helps them act quickly to prevent losses.
As smartphones become more common, digital
farming tools are becoming easier to use-and
more accessible, even in remote areas. Training
farmers to use these technologies helps close

the information gap.

13. Climate-Smart Agriculture

Climate-smart agriculture (CSA) focuses on
increasing productivity while adapting to
climate change and reducing environmental
impact. It includes practices like agroforestry,
water-saving  irrigation and better soil
management to build resilience. CSA helps

farmers prepare for and cope with extreme
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weather events. It also supports food security
by making farming systems more sustainable
and productive. Governments and institutions
are encouraging CSA through policies and
financial support. Adopting CSA practices
benefits both farmers and the planet by
reducing greenhouse gas emissions and

conserving resources.

14. Farm Mechanization and Precision
Farming

Using machines and digital tools helps farmers
apply water, fertilizers and- pesticides more
precisely, reducing waste and improving yields.
Technologies like drones, GPS-guided sowing
and variable-rate fertilizer applicators help
farmers work faster and more accurately.
Mechanization also reduces the need for labor,
which is especially important during busy
seasons. Precision farming ensures crops get
exactly what they need, where they need it,
even under challenging conditions. Although
costs and training can be barriers, many farmers
see great benefits from adopting these

technologies.

15. Capacity Building and Farmer Training
Knowledge is power - giving farmers the right
information and skills helps them adopt new
practices successfully. Training programs,
workshops and demonstration plots help
farmers learn how to manage stress better.
Farmer-to-farmer learning also spreads good
ideas quickly. Partnering with extension

services and institutions makes training more
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effective and far-reaching. When farmers
understand why and how to use new
confident and

builds

techniques, they’re more

successful.  This also stronger
communities that can adapt better to changing

climates and markets.

Conclusion

Agronomic practices play a key role in helping
crops withstand stresses from pests, drought,
heat and more. From choosing the right
varieties to using smart irrigation, digital tools
and good soil care, these approaches work
together to keep plants healthy and productive.
With climate change and limited resources, it’s
important to combine these methods based on
local conditions.
No single practice can solve all problems, but
together, they offer a practical and sustainable
way forward. Collaboration between farmers,
researchers and policymakers will be crucial to

build a resilient and food-secure future for all.
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In recent years, there has been a growing
interest in natural remedies and traditional
plants with healing properties—especially those
with potential to combat serious diseases like
cancer. Among these botanical treasures, Black
Turmeric (Curcuma caesia Roxb.) is emerging
as a powerful and lesser-known medicinal root
with significant anticancer potential.

What is Black Turmeric? Black turmeric is a
rare variety of turmeric native to Northeast and
Central India. Unlike the bright yellow turmeric
used in most kitchens, black turmeric has a
deep bluish-black ' interior and carries a
pungent, earthy aroma. It has been used for
centuries in Ayurvedic and folk medicine for
treating various ailments such as inflammation,
respiratory disorders, and skin issues. But only
recently has modern science begun to catch up
with what traditional healers already knew—
black turmeric is a potent plant with real
medicinal value. Their rhizome of black
turmeric is mostly used for different activities.
which is very much helpful in curing lots of
disease.

This unique coloration hints at a different

composition of bioactive compounds. While it

signaling  * pathways
development and progression (Amaroli et al.,
2024)

How to Treat and Cure Human Beings in
the 21st Century:

It is essential to emphasize the following points
regarding the use of black turmeric for cancer
treatment in humans:
Preliminary Research:
The majority of the
evidence supporting
the anticancer
properties of black
turmeric = and | its

comes

components
from in vitro (laboratory cell studies) and in
vivo (animal studies). While these studies show
promise, they do not directly translate to
effective cancer treatment in  humans.
Currently, there is a lack of large-scale, well-
designed clinical trials in humans that
demonstrate the efficacy of black turmeric or
its extracts in treating or curing cancer.
Anticancer Properties:

Black  turmeric = contains  curcuminoids,
essential oils, and various antioxidants that

similar to common turmeric (Curcuma longa),
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which have demonstrated anticancer effects in

laboratory studies. Induce apoptosis

(programmed cell death) in cancer cells (Sun et

al., 2012).

1. Inhibit the growth and proliferation of
various cancer cell lines (e.g., breast,
lung, prostate, colon).

2. Suppress  tumor  invasion : . and

metastasis.

3. Enhance  the - .effectiveness  of
chemotherapy and radiation therapy in
some studies.

Exhibit antioxidant and anti-inflammatory
properties, which can indirectly help in cancer
prevention and management (Giordano and
Tommonaro, 2019).
Why Natural Remedies Matter in the 21st
Century:
Natural substances like black turmeric are
especially appealing because they offer multi-
targeted action—meaning they don’t just target
one specific molecule like many drugs do, but
instead support ' overall —immune  function,
reduce inflammation, and promote -cellular
health.

Challenges and the Road Ahead:

Despite its promise, black turmeric s still

under-researched. Most of the current

findings come from laboratory and animal
studies, and clinical trials on humans are still

limited. For black turmeric to become a

mainstream cancer treatment, scientists need to:

e Conduct more rigorous research on

dosage, safety, and long-term effects

e Standardize the form and preparation
of the plant extract
e Explore how it can work in

combination with existing therapies

Uses:

a) Extracts and Capsules

Standardized black turmeric extracts (in
capsule or tablet form) are the most convenient
way to take it." These usually contain a
measured amount of curcuminoids, the active
anticancer compound. Dosages vary, but
typically range from 250-500 mg, taken 1-2
times per day.

b) Raw Root (Fresh or Dried)

Traditionally chewed or ground into a
paste.Can be added to teas or made into a tonic
with honey or warm water.

¢) Black Turmeric Tea

A small piece (1-2 grams) of dried black
turmeric is boiled in water for 5—10 minutes.
Optional: Add ginger, black pepper (for better
absorption), and honey.Drink once -a day for
general wellness or anti-inflammatory support.
d) Alcohol-based extracts of black turmeric
root

Used in very small doses (usually 10-30 drops
mixed in water or juice, 1-2 times daily).

The Gap Between Lab and Human
Treatment:

While these findings are undoubtedly exciting,
it's crucial to approach them with a balanced
perspective. The vast majority of this research
is currently in its preliminary stages. We are

still a significant distance from understanding
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how black turmeric can be safely and
effectively used to treat or cure cancer in
humans.

Ongoing Research: Research on curcumin and
other compounds in black turmeric for cancer
prevention and treatment is ongoing. Future
clinical trials will provide more definitive
answers regarding their role in human cancer
therapy.

Conclusion:

while black turmeric exhibits promising
anticancer properties in preclinical studies,
there is currently insufficient evidence to
recommend it as a treatment or cure for cancer
in humans in the 21st century. It may
potentially play a supportive role, but this needs
to be validated through rigorous clinical
research. The cornerstone of cancer treatment
remains evidence-based conventional medical
therapies guided by qualified healthcare
professionals.

Refference

Sun, X.D., Liu, X.E. and Huang, D.S., 2012.
Curcumin induces apoptosis of triple-negative
breast cancer cells by inhibition of EGFR
expression. Molecular medicine reports, 6(6),
pp.1267-1270.

Tomeh, M.A., Hadianamrei, R. and Zhao, X.,
2019. A review of curcumin and its derivatives
as anticancer agents. International journal of
molecular sciences, 20(5), p.1033.

Zoi, V., Galani, V., Lianos, G.D., Voulgaris, S.,
Kyritsis, A.P. and Alexiou, G.A., 2021. The
curcumin in

role of cancer

treatment. Biomedicines, 9(9), p.1086.

Giordano, A. and Tommonaro, G., 2019.
Curcumin  and
p.2376.

Cacciola, N.A., Cuciniello, R., Petillo, G.D.,
Piccioni, M., Filosa, S. and Crispi, S., 2023. An

cancer. Nutrients, 11(10),

overview of the enhanced effects of curcumin
and chemotherapeutic agents in combined
cancer . treatments. International journal of
molecular sciences, 24(16), p.12587.

Sharma, N., Khajuria, Y., Sharma, J., Gondal,
M.A., Kumar, V., Dwivedi, Y. and Singh,
V.K., 2018, August. Spectroscopic analysis of
rhizomes of black turmeric (Curcuma caesia).
In AIP Conference proceedings (Vol. 2006, No.
1). AIP Publishing.

Tamang, S., 2022. Black Turmeric-Curcuma
Caesia Roxb, And Its Medicinal Properties: A
Review. International Journal of Agriculture
and Environmental Research, 8(1), pp.168-175.
Amaroli, A., Panfoli, 1., Bozzo, M., Ferrando,
S., Candiani, S. and Ravera, S., 2024. The
Bright Side of Curcumin: A Narrative Review
of Its ' 'Therapeutic  Potential in~ Cancer

Management. Cancers, 16(14), p.2580.

www.sabujeema.com



https://www.healthline.com/nutrition/turmeric-vs-curcumin
https://www.healthline.com/nutrition/turmeric-vs-curcumin

Volume 5 - Issue 06 - June,2025

Article ID: SIMMO537

An International Multidisciplinary e-Magazine

SABUJEEMA

Popular Article

Ulaganathan Arisekar
Department of Fish Quality Assurance & Management
Fisheries College and Research Institute
Tamil Nadu Dr. J. Jayalalithaa Fisheries University, Thoothukudi -628 008, India

80pen Access

L

-

RS Mare, Grov,

SABU)JEEMA

Health Benefits of EPA and DHA Derived from Seafood

Arisekar (2025)

Abstract
Eicosapentaenoic acid (EPA) and
docosahexaenoic acid- (DHA), key omega-3
fatty acids derived primarily from marine
sources, play crucial roles in promoting human
health. These bioactive lipids are involved in
cardiovascular protection, cognitive
development, immune regulation, and anti-
Their high

bioavailability from fish oil and seafood

inflammatory responses.

enhances their therapeutic value. Recent
clinical and nutritional studies affirm their role
in  reducing risks associated with @ chronic
illnesses | such “as hypertension, 'Alzheimer’s
disease, and metabolic syndrome. EPA and
DHA also contribute to fetal and infant
development, especially brain and retina
formation. Furthermore, they are found to
modulate lipid metabolism and reduce
oxidative stress. Innovative delivery methods
have improved their functional use. This article
highlights the health benefits and industrial
relevance of EPA and DHA. Emphasis is
placed on their mechanisms of action,
bioefficacy, and integration in functional foods

and pharmaceuticals. Their growing demand
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calls for sustainable sourcing and novel
applications.

INTRODUCTION

Omega-3 fatty acids, particularly EPA and
DHA, are long-chain polyunsaturated fatty
acids (PUFAs) abundantly found in marine
organisms. Their structural and functional
properties make them essential components in
human nutrition. DHA is a major constituent of
the brain and retina, while EPA plays an
important role in immune modulation and
cardiovascular function. Both fatty acids are
not synthesized in sufficient amounts by 'the
human ' body, necessitating dietary intake
through seafood or supplements. Numerous
epidemiological and interventional studies
support their involvement in preventing chronic
diseases. In particular, their benefits in
cardiovascular health have been demonstrated
through reduced triglyceride levels, improved
endothelial function, and anti-arrhythmic
effects. DHA and EPA also show promise in
neurological

protection by  supporting

neurotransmission and delaying cognitive

decline. Their anti-inflammatory action is

mediated by bioactive metabolites such as
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resolvins and protectins. EPA and DHA can
alter gene expression, influence cell membrane
fluidity, and improve mitochondrial activity.
Due to these pleiotropic effects, they are
extensively researched in the contexts of
maternal and child health, aging, and immune
function. With increasing consumer awareness,
industrial formulations have incorporated these
compounds in fortified foods, pharmaceuticals,
and personal care products. This article
summarizes the biological roles and industrial

integration of EPA and DHA derived from

seafood.

BENEFITS OF EPA & DHA

PRENATAL AND INFANT
DEVELOPMENT

DHA plays a crucial role in fetal brain and
retina development. Adequate maternal DHA
levels are associated with better cognitive
outcomes, higher birth weights, and reduced
risk of preterm birth. Supplementation during
pregnancy . improves  meurodevelopmental
scores-in ‘infants: EPA complements DHA by
supporting placental blood flow and reducing
maternal inflammation. DHA is incorporated
into neuronal membranes, aiding
synaptogenesis and myelination. Long-chain
omega-3s also reduce the risk of postpartum
depression. Breast milk DHA levels reflect
maternal intake, emphasising the importance of
maternal  seafood consumption. Prenatal
supplements with EPA/DHA are recommended
by several health agencies. Emerging evidence
suggests links between omega-3s and reduced

incidence of allergies and asthma in infants.
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These benefits underscore the importance of
ensuring sufficient intake during gestation and
lactation.

OCULAR HEALTH

DHA constitutes about 93% of the omega-3
fatty acids in the retina. It is essential for
photoreceptor membrane integrity and function.
Low DHA levels are associated with macular
degeneration --and dry eye syndrome.
Supplementation improves tear production and
visual acuity. EPA supports anti-inflammatory
responses in the ocular surface, alleviating
symptoms of ocular fatigue. Clinical trials
show improved retinal sensitivity in patients
taking DHA-rich fish oil. Omega-3s may
reduce the risk of retinopathy in diabetics. The
American Optometric Association recommends
fish-based omega-3s for maintaining eye
health. Algal DHA is a safe option for
vegetarians. Together, EPA and DHA preserve
visual function across the lifespan.

SKIN AND DERMATOLOGICAL
HEALTH

EPA and DHA exhibit photoprotective, anti-
inflammatory, and moisturizing properties.
EPA reduces UV-induced skin damage and
erythema. Both EPA and DHA are effective in
alleviating symptoms of psoriasis and atopic
dermatitis. They help regulate skin barrier
inhibit

function  and pro-inflammatory

cytokines. Studies show improved skin

hydration and elasticity with omega-3

supplementation. Omega-3s reduce acne
severity by lowering IGF-1 and sebum

production. DHA also enhances skin wound
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healing by modulating macrophage activity.
These benefits have spurred inclusion of EPA
and DHA in dermatological products and
cosmeceuticals. Clinical and observational data
support their role in maintaining skin integrity
and resilience. Long-term use contributes to

overall skin youthfulness and protection.

ANTI-CANCER POTENTIAL

Several studies have identified the anticancer
properties of EPA  and DHA. They inhibit
tumor growth through apoptosis induction and
angiogenesis suppression. Omega-3s modulate
oncogene expression and enhance
chemotherapy efficacy. DHA integrates into
tumor cell membranes, making them more
susceptible to drug-induced death. EPA reduces
inflammation that fuels carcinogenesis. High
intake of marine omega-3s is linked to lower
risks of colorectal, breast, and prostate cancers.
Animal models show tumor regression with
omega-3 supplementation. Synergistic effects
with antioxidants improve protection against
oxidative DNA damage. These findings are
promising for both prevention and adjunctive
cancer therapy. Further clinical trials are
needed to establish standardized therapeutic
dosages.
JOINT AND
HEALTH

EPA and DHA exhibit anti-inflammatory

MUSCULOSKELETAL

properties beneficial for joint health. They
reduce production of prostaglandins and

leukotrienes that drive arthritis symptoms.

Clinical trials show reduced stiffness and joint
tenderness in patients with rheumatoid arthritis
taking fish oil. Omega-3s support cartilage
integrity and bone mineral density. They
enhance calcium absorption and reduce
markers of bone resorption. DHA helps
maintain muscle function and reduce exercise-
induced = inflammation. Supplementation
improves physical performance and recovery in
athletes. Elderly ' populations benefit from
improved mobility and reduced fall risk.
Emerging evidence supports their use in
managing sarcopenia. These benefits justify the
inclusion of EPA and DHA in musculoskeletal
support therapies.

Table 1. Summary of Health Benefits of EPA

and DHA (Li et al., 2021)

Benefits Mechanism of Action

Cardiovascular | Reduces triglycerides,

Health improves endothelial
function, lowers  blood
pressure

Cognitive Supports brain development,

Function maintains membrane
fluidity, improves cognition

Anti- Generates  resolvins and

inflammatory protectins, reduces
cytokines and oxidative
stress

Immune Enhances B cell activation,

Support modulates cytokine storms
in infections

Metabolic Improves insulin sensitivity,

Syndrome modulates lipid metabolism
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Table 2. EPA and DHA Content in Common
Seafood (mg per 100g edible portion)

Seafood EPA + | Reference

Source DHA

Atlantic 2150 Lietal., 2021

Salmon

Mackerel 5134 Lietal., 2021

Sardines 2205 Lietal., 2021

Anchovy 2113 Frontiers in
Nutrition, 2023

Herring 2366 Lietal., 2021

Tuna 1298 Calder, 2015

(Bluefin)

Rainbow 1196 Swanson et al., 2012

Trout

Sea Bass 748 Shahidi &

Ambigaipalan, 2018

Cod  Liver | 10000 | Swanson et al., 2012

Oil

Krill Oil 9400 Calder, 2015

Pollock 554 Frontiers in
Nutrition, 2023

Alaskan 740 Shahidi &

Halibut Ambigaipalan, 2018

Shrimp 540 Lietal., 2021

Crab 351 Lietal., 2021

Arisekar (2025)

INDUSTRIAL APPLICATIONS OF EPA
AND DHA

EPA and DHA have become central ingredients
in several industrial sectors. The nutraceutical
industry uses them in dietary supplements to

manage cardiovascular and cognitive health.

www.sabujeema.com

The pharmaceutical industry employs high-
purity forms to formulate prescription omega-3
products, especially for hypertriglyceridemia.
Food manufacturers integrate
microencapsulated EPA and DHA into yogurts,
baby formulas, and energy bars to provide
functional benefits. The cosmetic industry uses
DHA in skin creams and anti-aging
formulations due to its anti-inflammatory and
moisturizing properties. Sustainable production
has gained momentum, with algal oil emerging
as a viable vegetarian alternative to fish oil.
Recent advances in delivery formats such as
soft gels, emulsions, and powders improve
consumer accessibility. Overall, the industrial
importance of these fatty acids is driven by
scientific validation, regulatory support, and
increasing consumer demand for health-
promoting products. In addition to these
sectors, the animal feed industry utilizes EPA
and DHA to enhance the health and growth
performance .~ of ' livestock, poultry, and
aquaculture species-(Shahidi & Ambigaipalan,
2018). Inclusion of omega-3s in aquafeeds
improves fish flesh quality and supports
immune function, which is critical for
sustainable fish farming. Pet food formulations
enriched with EPA/DHA support cognitive
function and coat health in aging animals.
Biotechnology firms are also engineering
transgenic plants and yeast to biosynthesize
EPA and DHA at scale (Li et al., 2021). Such
developments aim to reduce dependency on

marine resources and enhance environmental

sustainability. Regulatory agencies such as the
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FDA and EFSA have approved various
EPA/DHA formulations, facilitating their
inclusion in medical nutrition therapy (Calder,
2015). EPA ethyl esters, triglycerides, and
phospholipid forms are tailored for targeted
health outcomes and improved absorption. The
sports nutrition sector is adopting EPA and
DHA for muscle recovery and inflammation
control post-exercise. Global market forecasts
predict continued growth in omega-3 product
segments, driven by .aging populations and
chronic disease prevalence. To ensure
consumer safety, industry standards mandate
oxidative stability testing and contaminant
screening for all EPA/DHA-enriched products.
CONCLUSION

EPA and DHA derived from seafood offer a
multitude of physiological benefits ranging
from cardiovascular to neurological health.
Their anti-inflammatory, antioxidant, and
metabolic effects contribute significantly to the
prevention ' and management . of | chronic
diseases. - They ' play - vital -roles in fetal
development, cognitive aging, and immune
defense. Their inclusion in modern diets,
through both natural seafood -and industrial
supplements, enhances public health outcomes.
Advances in bioavailability and encapsulation
technologies have made them more effective
and user-friendly. The sustainability of marine
sources is critical to maintaining future
supplies, prompting innovation in algae-based
alternatives. As functional ingredients, EPA
and DHA industrial

support  diverse

applications in nutrition, medicine, and

www.sabujeema.com

cosmetics. Future research should focus on
dose optimization, targeted delivery, and
understanding their interaction with other
nutrients. These compounds represent a
valuable bridge between food and medicine.
Continued investment in EPA and DHA is
essential for long-term health and industrial

sustainability.
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Abstract

Seafood is globally prized for its nutritional
value, but is highly perishable, necessitating
innovative preservation methods to ensure
safety, quality, and sustainability. Traditional
techniques are now being enhanced or replaced
by advanced technologies that minimize
nutrient loss and extend shelf life, while
meeting regulatory and consumer demands.
This review outlines the key modern seafood
processing methods, including High-Pressure
Processing (HPP), Cold Plasma (CP), Pulsed
Field (PEF),
Quick ' Freezing (IQF),

contributing uniquely to-microbial inactivation,

Electric Ultrasound, and

Individual each

texture preservation, and value addition.
Natural preservative treatments using plant-
based antimicrobials and bio-preservation via
beneficial microbes are gaining traction owing
to their clean-label appeal. Smart packaging
innovations, such as spoilage indicators and
time-temperature  sensors, offer real-time
quality monitoring, enhance consumer trust,
and reduce food waste. Techniques such as
Modified Atmosphere Packaging (MAP),
vacuum sealing, and retort processing support

long-distance shipping and ready-to-eat

www.sabujeema.com

formats. Coupled with digital technologies and
sustainability practices including Al, robotics,
and eco-friendly materials, these advancements
represent a transformative shift in the seafood
industry. They not only boost efficiency and
product appeal but also align with global efforts
to reduce environmental impact and resource
overuse. Collectively, these modern methods
form a robust foundation for future seafood
processing.

Introduction

Seafood is a_globally consumed commodity
valued for its nutritional richness, particularly
for high-quality proteins, omega-3 fatty acids,
and micronutrients. It is also one of the most
food

preservation methods, while still in use, are

perishable categories.  Traditional
increasingly being complemented or replaced
by modern technologies to meet the growing
demand, regulatory requirements, and quality
standards. Modern processing ensures minimal
degradation of texture, flavor, and nutrients
while significantly enhancing food safety.
Furthermore, the shift towards sustainable and

technologically advanced practices supports the

global agenda of reducing food waste and
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ensuring responsible resource utilization. This
article provides an in-depth overview of
contemporary seafood processing techniques
and their implications for quality control,
consumer safety, and industrial growth.
High-Pressure Processing (HPP)
High-Pressure Processing is a non-thermal
technique in which seafood products are
subjected to pressures ranging from 100 to 600
MPa. This pressure effectively inactivates
pathogenic microorganisms, such as Listeria
monocytogenes and Vibrio species, while
maintaining the raw-like qualities of the
product. HPP is especially suited for value-
added seafood such as shucked oysters, crab
meat, and ready-to-eat shrimp. The absence of
heat application ensures the retention of flavor,
color, and essential nutrients. In addition, HPP
reduces the need for chemical preservatives,
making it ideal for clean-label processing. It
also facilitates easy shell removal in mollusks,
adding value to processing efficiency.

Cold Plasma Technique

Cold plasma (CP) is an emerging non-thermal
technology that generates reactive oxygen and
nitrogen species at ambient temperatures to
inactivate surface microbes in seafood, thereby
extending shelf life without compromising
quality. It has gained significant traction in
seafood  processing  for the  surface
decontamination of fish and shellfish, microbial
inactivation, and packaging sterilization.
Current trends highlight the use of atmospheric

cold plasma and dielectric barrier discharge

systems in treating fish fillets (such as sea bass
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and sea bream) under modified atmospheric
packaging. Studies have shown that CP can
achieve microbial reduction of up to ~ 1.4 log
CFU/g with minimal impact on texture, color,
and moisture when optimized for <10—12 min.
It is increasingly combined with natural
antimicrobials (e.g., chitosan and essential oils)
or plasma-activated water to enhance microbial
control and maintain sensory quality. CP's key
merits of CP include its eco-friendly nature,
low-energy use, and ability to maintain seafood
freshness. However, challenges such as
oxidative lipid degradation, surface-only action,
high equipment costs, and regulatory hurdles
remain. With the increasing demand for safe,
minimally processed, and sustainable seafood,
cold plasma has become a valuable innovation
for processors.

Pulsed Electric Field (PEF) Processing

PEF processing involves the application of
short bursts of high-voltage electric fields (20—
80 kV/cm) to_seafood placed between the two
electrodes. Electric pulses cause electroporation
of microbial cell membranes, leading to
inactivation  without significant  heating.
Recently, PEF ‘has been utilized to extend the
shelf life of fish fillets and shellfish while
preserving textural and nutritional integrity. In
seafood, it i1s used for microbial
decontamination, enhancing brining efficiency,
and improving freezing/thawing Kkinetics.
Merits include minimal heat damage, enhanced
nutrient retention, and short processing time.

Demerits involve high initial equipment costs,

limited penetration of solid products, and
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challenges in uniform electric field distribution,

particularly  in  heterogeneous  seafood
structures.

Ultrasound Processing

Ultrasound uses high-frequency sound waves
(20-100 kHz) to generate cavitation bubbles in
water or brine solutions, which collapse
violently and cause microbial and enzymatic
inactivation. Recently, low-intensity ultrasound
has been explored for use in fish marination,
thawing, and tenderization processes. In
seafood, ultrasound is used for cleaning,
microbial reduction, tenderizing muscle, and
accelerating brining and drying. Its merits
include improved mass transfer, eco-
friendliness, and minimal impact on product
quality. Demerits include possible tissue
damage if not controlled, limited penetration
into dense products, and the need for
combination with other treatments for complete
sterilization.

Natural Preservative Treatments

This method involves the use of plant-derived
antimicrobials (e.g., essential oils, chitosan, and
green tea extract) to enhance seafood
preservation. This principle relies on bioactive
compounds that disrupt the microbial
membranes or oxidative pathways. Recently,
chitosan coatings containing essential oils have
been applied to fish fillets and shrimp to inhibit
spoilage and pathogenic  bacteria. Its
applications include antimicrobial coatings,
dips, and packaging. Merits are natural,
biodegradable, safe to consume, and effective

against a wide range of microbes. Demerits
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involve variable effectiveness, strong odors or
tastes that alter seafood flavors, and potential
regulatory and consumer acceptance issues.
Smart Packaging (Sensors & Indicators)
Smart packaging integrates sensors or
indicators that monitor seafood freshness,
temperature, humidity, or gas composition
inside packaging. The principle is based on the
real-time detection and visual signaling of
spoilage (e.g., pH-sensitive dyes or RFID tags).
Recently, intelligent packaging with freshness
indicators for shrimp and tuna has gained
popularity in the retail market. Applications
include time-temperature indicators, spoilage
sensors, and CO: detectors. Its merits include
enhanced traceability, reduced food waste,
consumer confidence, and real-time quality
monitoring. Demerits include higher packaging
costs, disposal challenges, potential sensor
inaccuracies, and the need for consumer
education for their proper use.
Modified Atmosphere Packaging (MAP)
MAP is an ‘advanced packaging system
that alters the internal gas composition
surrounding seafood to slow down microbial
and oxidative spoilage. Typically, a mixture of
COz, Oz, and N: is used, depending on the
seafood type. CO: inhibits bacterial growth,
while O: levels are adjusted to prevent
anaerobic conditions. MAP is wused in
conjunction with refrigeration and is effective
in products such as fresh fillets, shellfish, and
processed seafood. This packaging enhances
consumers’ visual appeal and freshness

perception, and extends shelf life by several
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days to weeks. Innovations in MAP films and
gas monitoring systems have further optimized
safety and quality.

Bio-preservation

Biopreservation utilizes beneficial bacteria or
their metabolites (e.g., bacteriocins) to inhibit
spoilage and pathogenic microorganisms.
Lactic acid bacteria (LAB) are the most
commonly used bacteria and  are either
incorporated into the product or packaging.
This natural preservation method is gaining
popularity owing to the consumer demand for
minimally processed and additive-free seafood.
Essential oils, plant extracts, and enzymes are
also being explored as Dbiopreservatives.
Biopreservation is especially relevant in
vacuum-packed and MAP seafood products,
where it works synergistically to enhance
product safety. This method is eco-friendly and
aligns with the principles of clean labelling and
sustainable food production.

Retort Processing and Vacuum Packaging
Retort processing involves the heat sterilization
of seafood sealed in flexible retort pouches or
metal cans, enabling a long shelf life at ambient
temperatures. Products such as tuna, mackerel,
and sardines are commonly processed in this
manner. This eliminates the need for cold
storage and reduces logistics costs. On the other
hand, vacuum packaging removes air from the
packaging, limits oxygen availability, and
slows down oxidation and spoilage. Combining
vacuum sealing with retort or refrigeration

greatly enhances preservation. These methods
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are favored in ready-to-eat and travel-friendly
seafood formats.

Sustainability and Future Directions

Modern seafood processing methods emphasize
not only efficiency and safety but also
environmental stewardship. Energy-efficient
machinery, water recycling systems, and
materials  are

biodegradable  packaging

becoming - standard.  Furthermore, digital
innovations, such as blockchain, enhance
traceability, whereas < Al-powered sensors
optimize quality monitoring in real time. The
integration of robotics in filleting and
packaging lines also increases throughput and
hygiene. As consumer awareness grows, the
seafood industry must embrace circular
economy principles, reduce waste processing,
and adopt smart technologies to remain
competitive and responsible.
Conclusion

Modern seafood processing methods
address

have significantly evolved to

perishability, safety, and  environmental
concerns. Techniques such as HPP, CP, PEF,
ultrasound, and IQF enable microbial control,
while preserving the sensory and nutritional
qualities of seafood. The integration of natural
preservatives and biopreservation promotes
clean-label  products, meeting consumer
demand for minimally processed foods. Smart
packaging enhances transparency, traceability,
and real-time freshness assessment. Moreover,
technologies such as MAP and vacuum-retort
processing cater to convenience and extend

shelf life. Together, these innovations not only
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ensure product quality but also support
sustainable practices through energy efficiency
and reduced food waste. The seafood industry
must continue to adopt and optimize these
methods to remain resilient, competitive, and
environmentally responsible in a globalized
market.
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Abstract

Raman spectroscopy (RS) and surface-

enhanced Raman scattering (SERS) have
emerged as potent tools for fish quality and
safety surveillance. The rapid, non-invasive,
and label-free. capabilities of RS enable
efficient monitoring of fish freshness, spoilage,
adulteration, and hazardous residues such as
veterinary drugs, histamine, and heavy metals.
This

focusing on RS and SERS applications in

article summarises recent advances
evaluating compositional changes in fish during
and the
The

integration —of RS with chemometrics —and

storage, - microbial contamination,

detection  of ~illegal preservatives.
machine learning enhances prediction accuracy
and real-time applicability, reinforcing RS as a
viable technology in food safety assurance. It
simultaneous  multi-analyte

also  enables

detection, making it highly effective in
complex seafood matrices. The advancement of
portable RS devices offers promising real-time
assessment tools for regulatory agencies and
food industries. With minimal preprocessing
and high specificity, RS ensures reliable quality
tracking. SERS’s potential for detecting ultra-

trace levels of contaminants makes it
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indispensable for food safety surveillance. This
article emphasizes RS as a transformative tool
for ensuring seafood integrity from harvest to
consumption.

INTRODUCTION

Fish is an essential component of the human
diet, known for its nutritional richness in
proteins, omega-3 fatty acids, and vitamins.
However, its perishable nature and exposure to
environmental pollutants, veterinary drugs, and
microbial contamination necessitate advanced
quality monitoring methods. Traditional
analytical techniques, while accurate, are often
labor-intensive -and not feasible for on-site
applications. - Raman spectroscopy,  offering
molecular fingerprint information with minimal
sample preparation, has gained momentum as
an alternative for rapid fish quality assessment.
This article discusses the roles of RS and SERS
in evaluating freshness, detecting histamine and
microorganisms, and monitoring harmful
residues in fish. The global seafood market has
witnessed increasing demand, amplifying the
need for robust quality assurance methods.
With supply chains becoming more complex,
timely and accurate quality evaluation is

essential to prevent economic losses and
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foodborne illnesses. Conventional quality
evaluation methods, such as microbial
culturing, chromatography, and ELISA, though
effective, often involve laborious protocols and
long turnaround times. Raman spectroscopy
provides label-free, rapid, and non-invasive
detection capabilities, which are critical for
perishable products like fish. Its use extends to
analyzing structural and biochemical attributes
of fish tissues, enabling holistic quality
assessment. SERS further enhances detection
sensitivity by orders of magnitude, making it
ideal for trace contaminants. Machine learning
techniques applied to RS datasets enable real-
time predictive analytics, increasing operational
efficiency.~ Moreover, miniaturised Raman
instruments now facilitate on-site evaluations
during processing and retail distribution.
Together, these advantages make Raman
spectroscopy a practical and scalable solution
for fish quality control. This article highlights
how such innovations are shaping the future of
aquatic food safety monitoring.

FISH QUALITY EVALUATIONS USING
RAMAN SPECTROSCOPY

FRESHNESS ASSESSMENT

Fish freshness deteriorates rapidly due to
enzymatic activity, microbial growth, and
chemical changes. Raman spectroscopy detects
molecular alterations in lipids and proteins,
allowing early spoilage detection. It identifies
oxidation via peaks such as 1658 cm™ for
conjugated dienes and 1747 cm™ for peroxides.
Protein denaturation is captured through

changes in amide I and III bands. With Al
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integration, like LSTM and CNN models, RS
achieves over 90% accuracy in shelf-life
prediction across varying storage conditions,
enhancing decision-making for storage and
distribution. Freshness is a key quality attribute
that determines consumer acceptability and
safety. RS has been applied to monitor changes
in- lipids. and proteins during fish storage.
Specific Raman peaks such as 1267, 1658, and
3015 cm™ are indicative of lipid oxidation,
while changes in the amide I and III bands
reflect protein denaturation. RS-based freshness
models, especially when coupled with deep
learning  algorithms like © LSTM, have
demonstrated robust predictive power across
different temperature conditions (Zhong et al.,
2021).

HISTAMINE DETECTION

Histamine is a potent indicator of spoilage, and
excess levels pose serious health risks. RS
combined with SERS ‘and MIPs enhances
selectivity for histamine amidst complex
biological matrices. Studies show that AuNPs
and AgNPs substrates achieve LODs as low as
3.08 x 10~° mol/L. Advanced SERS systems
using 'sandwich' configurations have improved
sensitivity and reproducibility. These methods
outpace conventional detection, offering cost-
effective and field-deployable alternatives.
Histamine, a toxic biogenic amine, forms
during fish spoilage. SERS combined with
molecularly imprinted polymers (MIPs) has
enabled rapid and sensitive histamine detection
in various fish matrices. Gold and silver

nanoparticle-based sensors achieve low limits
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of detection (LOD), often within the range of
3-90 mg/kg (Gao et al.,, 2015; Chen et al.,
2022). Recent advances also include sandwich
models using FesOs beads and Raman reporters
for enhancing sensitivity in complex biological
matrices (Zhou et al., 2020).

MICROBIAL CONTAMINATION

Fish  harbors pathogenic bacteria: . like
Salmonella, Listeria, and Vibrio spp., which
threaten consumer health. Raman spectroscopy,
especially SERS with aptamer-functionalized
substrates, facilitates detection down to 10
CFU/ml. Combined with chemometric models
like PCA and PLS, RS enables bacterial
differentiation in under 2 hours, significantly
faster than ISO-standard culture methods. This
technology enables rapid screening during the
processing and retailing stages. SERS has
significantly reduced the detection time for
pathogens like Salmonella spp., Listeria, and
Vibrio

parahaemolyticus. Aptamer-

functionalized -~ SERS  biosensors | provide
specificity and fast recognition, supporting their
integration into ISO-standard protocols for
foodborne pathogen diagnostics (Witkowska et
al., 2017).

RESIDUE DETECTION: VETERINARY
DRUGS AND HEAVY METALS

Veterinary drug residues, including malachite
green and chloramphenicol, are tightly
regulated due to their carcinogenic and
mutagenic potential. SERS achieves trace-level
detection (LOD ~0.1 ng/g) using nanomaterials
like AuNRs, GIAN, and AgNPs. Heavy metals

such as Hg?" are detected indirectly using RS-
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probe systems like Rhodamine 6G, achieving
sensitivities  of  0.001  ug/g.  Recent
breakthroughs in bromide-aided nanoparticles
and magnetic solid-phase extraction have
improved sample preparation and minimized
interference from the fish matrix. RS and SERS
offer hypersensitive detection of banned
veterinary drugs such as malachite green,
crystal violet, and antibiotics. Techniques such
as flexible gum-based SERS sensors and paper-
based AgNP substrates have achieved detection
limits as low as 10 ng/g. For heavy metals like
Hg**, indirect SERS detection strategies using
probes like Rhodamine 6G - have proven
effective, with detection Ilimits in the
microgram per gram range (Hassan et al.,
2021). Microplastics, heavy metals, and
pesticide residues accumulate in fish and enter
the human diet. RS identifies microplastics
down to <1 pum, especially when coupled with
Raman imaging and PCA. SERS sensors with
specific ligands or molecular probes detect

mercury and pesticide residues like 2,4-D and

organophosphates at femtomolar levels,
ensuring comprehensive contamination
profiling.

ADULTERATION DETECTION

Adulteration in fish, such as mixing species or
freezing fraud, misleads consumers and violates
food labeling standards. RS coupled with PCA
can distinguish fresh from frozen-thawed fish
via spectral differences linked to fatty acid
content. Machine learning models, especially
Cubist and PLS, predict adulteration ratios in

mixtures like Atlantic salmon with rainbow
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trout with R? = 0.87, showcasing RS as a
forensic tool in seafood authentication.
PRESERVATIVE MONITORING
Formaldehyde and nitrite are sometimes used
illegally to extend fish shelf life. Due to the
lack of a distinct RS signal for formaldehyde,
derivatization  is  employed, enabling
SHINERS-based systems to detect trace levels
as low as 0.13 mg/kg. For nitrite, indirect
detection via Raman-tagged reactions is being
optimized for in situ field applications.
CONCLUSION

Raman spectroscopy, including its SERS
variant, demonstrates strong potential in the
rapid and nondestructive assessment of fish
quality and safety. Its applications span from
freshness monitoring to contaminant detection,
leveraging advanced substrates and
chemometric models. While challenges remain
in substrate reproducibility and signal

interpretation,  ongoing . innovations in
nanomaterials and machine learning integration
are expected to ‘transform RS into a routine
analytical technique in food safety surveillance.
It bridges the gap between laboratory precision
and field applicability. The  incorporation of
flexible substrates, nano-fabrication techniques,
and Al-driven data interpretation has advanced
RS utility. Future developments should aim to
enhance  reproducibility = and  universal
calibration models. Standardization of SERS
protocols will also facilitate regulatory
acceptance. Overall, RS stands as a crucial
pillar in building transparent, efficient, and

sustainable seafood safety systems.
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Abstract

Raman spectroscopy (RS) and surface-

enhanced Raman scattering (SERS) have
emerged as potent tools for fish quality and
safety surveillance. The rapid, non-invasive,
and label-free. capabilities of RS enable
efficient monitoring of fish freshness, spoilage,
adulteration, and hazardous residues such as
veterinary drugs, histamine, and heavy metals.
This article summarises recent advances
focusing on RS and SERS applications in
evaluating compositional changes in fish during
and the

storage, - microbial contamination,

detection  of ~illegal preservatives. The
integration —of RS with chemometrics —and
machine learning enhances prediction accuracy
and real-time applicability, reinforcing RS as a
viable technology in food safety assurance. It
simultaneous

also  enables multi-analyte

detection, making it highly effective in
complex seafood matrices. The advancement of
portable RS devices offers promising real-time
assessment tools for regulatory agencies and
food industries. With minimal preprocessing
and high specificity, RS ensures reliable quality
tracking. SERS’s potential for detecting ultra-

trace levels of contaminants makes it
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indispensable for food safety surveillance. This
article emphasizes RS as a transformative tool
for ensuring seafood integrity from harvest to
consumption.

INTRODUCTION

Fish is an essential component of the human
diet, known for its nutritional richness in
proteins, omega-3 fatty acids, and vitamins.
However, its perishable nature and exposure to
environmental pollutants, veterinary drugs, and
microbial contamination necessitate advanced
quality monitoring methods. Traditional
analytical techniques, while accurate, are often
labor-intensive -and not feasible for on-site
applications. - Raman spectroscopy,  offering
molecular fingerprint information with minimal
sample preparation, has gained momentum as
an alternative for rapid fish quality assessment.
This article discusses the roles of RS and SERS
in evaluating freshness, detecting histamine and
microorganisms, and monitoring harmful
residues in fish. The global seafood market has
witnessed increasing demand, amplifying the
need for robust quality assurance methods.
With supply chains becoming more complex,
timely and accurate quality evaluation is

essential to prevent economic losses and
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foodborne illnesses. Conventional quality
evaluation methods, such as microbial
culturing, chromatography, and ELISA, though
effective, often involve laborious protocols and
long turnaround times. Raman spectroscopy
provides label-free, rapid, and non-invasive
detection capabilities, which are critical for
perishable products like fish. Its use extends to
analyzing structural and biochemical attributes
of fish tissues, enabling holistic quality
assessment. SERS further enhances detection
sensitivity by orders of magnitude, making it
ideal for trace contaminants. Machine learning
techniques applied to RS datasets enable real-
time predictive analytics, increasing operational
efficiency.~ Moreover, miniaturised Raman
instruments now facilitate on-site evaluations
during processing and retail distribution.
Together, these advantages make Raman
spectroscopy a practical and scalable solution
for fish quality control. This article highlights
how such innovations are shaping the future of
aquatic food safety monitoring.

FISH QUALITY EVALUATIONS USING
RAMAN SPECTROSCOPY

FRESHNESS ASSESSMENT

Fish freshness deteriorates rapidly due to
enzymatic activity, microbial growth, and
chemical changes. Raman spectroscopy detects
molecular alterations in lipids and proteins,
allowing early spoilage detection. It identifies
oxidation via peaks such as 1658 cm™ for
conjugated dienes and 1747 cm™ for peroxides.
Protein denaturation is captured through

changes in amide I and III bands. With Al
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integration, like LSTM and CNN models, RS
achieves over 90% accuracy in shelf-life
prediction across varying storage conditions,
enhancing decision-making for storage and
distribution. Freshness is a key quality attribute
that determines consumer acceptability and
safety. RS has been applied to monitor changes
in- lipids. and proteins during fish storage.
Specific Raman peaks such as 1267, 1658, and
3015 cm™ are indicative of lipid oxidation,
while changes in the amide I and III bands
reflect protein denaturation. RS-based freshness
models, especially when coupled with deep
LSTM, have

demonstrated robust predictive power across

learning  algorithms  like
different temperature conditions (Zhong et al.,
2021).

HISTAMINE DETECTION

Histamine is a potent indicator of spoilage, and
excess levels pose serious health risks. RS
combined with SERS ‘and MIPs enhances
selectivity for histamine amidst complex
biological matrices. Studies show that AuNPs
and AgNPs substrates achieve LODs as low as
3.08 x 10~° mol/L. Advanced SERS systems
using 'sandwich' configurations have improved
sensitivity and reproducibility. These methods
outpace conventional detection, offering cost-
effective and field-deployable alternatives.
Histamine, a toxic biogenic amine, forms
during fish spoilage. SERS combined with
molecularly imprinted polymers (MIPs) has
enabled rapid and sensitive histamine detection
in various fish matrices. Gold and silver

nanoparticle-based sensors achieve low limits
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of detection (LOD), often within the range of
3-90 mg/kg (Gao et al.,, 2015; Chen et al.,
2022). Recent advances also include sandwich
models using FesOs beads and Raman reporters
for enhancing sensitivity in complex biological
matrices (Zhou et al., 2020).

MICROBIAL CONTAMINATION

Fish  harbors pathogenic bacteria: . like
Salmonella, Listeria, and Vibrio spp., which
threaten consumer health. Raman spectroscopy,
especially SERS with aptamer-functionalized
substrates, facilitates detection down to 10
CFU/ml. Combined with chemometric models
like PCA and PLS, RS enables bacterial
differentiation in under 2 hours, significantly
faster than ISO-standard culture methods. This
technology enables rapid screening during the
processing and retailing stages. SERS has
significantly reduced the detection time for
pathogens like Salmonella spp., Listeria, and
Vibrio

parahaemolyticus. Aptamer-

functionalized -~ SERS  biosensors | provide
specificity and fast recognition, supporting their
integration into ISO-standard protocols for
foodborne pathogen diagnostics (Witkowska et
al., 2017).

RESIDUE DETECTION: VETERINARY
DRUGS AND HEAVY METALS

Veterinary drug residues, including malachite
green and chloramphenicol, are tightly
regulated due to their carcinogenic and
mutagenic potential. SERS achieves trace-level
detection (LOD ~0.1 ng/g) using nanomaterials
like AuNRs, GIAN, and AgNPs. Heavy metals

such as Hg?" are detected indirectly using RS-
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probe systems like Rhodamine 6G, achieving
sensitivities  of  0.001  ug/g.  Recent
breakthroughs in bromide-aided nanoparticles
and magnetic solid-phase extraction have
improved sample preparation and minimized
interference from the fish matrix. RS and SERS
offer hypersensitive detection of banned
veterinary drugs such as malachite green,
crystal violet, and antibiotics. Techniques such
as flexible gum-based SERS sensors and paper-
based AgNP substrates have achieved detection
limits as low as 10 ng/g. For heavy metals like
Hg**, indirect SERS detection strategies using
probes like Rhodamine 6G - have proven
effective, with detection Ilimits in the
microgram per gram range (Hassan et al.,
2021). Microplastics, heavy metals, and
pesticide residues accumulate in fish and enter
the human diet. RS identifies microplastics
down to <1 pum, especially when coupled with
Raman imaging and PCA. SERS sensors with
specific ligands or molecular probes detect

mercury and pesticide residues like 2,4-D and

organophosphates at femtomolar levels,
ensuring comprehensive contamination
profiling.

ADULTERATION DETECTION

Adulteration in fish, such as mixing species or
freezing fraud, misleads consumers and violates
food labeling standards. RS coupled with PCA
can distinguish fresh from frozen-thawed fish
via spectral differences linked to fatty acid
content. Machine learning models, especially
Cubist and PLS, predict adulteration ratios in

mixtures like Atlantic salmon with rainbow
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trout with R? = 0.87, showcasing RS as a
forensic tool in seafood authentication.
PRESERVATIVE MONITORING
Formaldehyde and nitrite are sometimes used
illegally to extend fish shelf life. Due to the
lack of a distinct RS signal for formaldehyde,
derivatization  is  employed, enabling
SHINERS-based systems to detect trace levels
as low as 0.13 mg/kg. For nitrite, indirect
detection via Raman-tagged reactions is being
optimized for in situ field applications.
CONCLUSION

Raman spectroscopy, including its SERS
variant, demonstrates strong potential in the
rapid and nondestructive assessment of fish
quality and safety. Its applications span from
freshness monitoring to contaminant detection,
leveraging advanced substrates and
chemometric models. While challenges remain
in substrate reproducibility and signal

interpretation,  ongoing . innovations in
nanomaterials and machine learning integration
are expected to ‘transform RS into a routine
analytical technique in food safety surveillance.
It bridges the gap between laboratory precision
and field applicability. The  incorporation of
flexible substrates, nano-fabrication techniques,
and Al-driven data interpretation has advanced
RS utility. Future developments should aim to
enhance  reproducibility = and  universal
calibration models. Standardization of SERS
protocols will also facilitate regulatory
acceptance. Overall, RS stands as a crucial
pillar in building transparent, efficient, and

sustainable seafood safety systems.
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Introduction
Agriculture in India is not just an economic
activity; it is deeply rooted in the culture,
traditions, and daily life of rural communities.
It forms the backbone of the country’s rural
economy, providing employment to nearly half
of its population. Within this ecosystem,
women play a pivotal role that often goes
unrecognized and undervalued. From sowing
seeds and transplanting crops to harvesting,
post-harvest processing, and storing, women
participate in nearly every stage of farming.
Despite their substantial involvement, women

farmers remain -marginalized in -terms of

visibility, policy support, and access to
resources. As India advances  toward
sustainable  development and: . self-reliant

agriculture, acknowledging and empowering
women in this sector becomes not only a
necessity but a strategic imperative.

Women’s Contribution in Agriculture
Women constitute almost 33% of India's
agricultural labour force and up to 48% in
allied sectors such as livestock, fisheries, and

horticulture. Their contributions span a wide

range of activities, both on and off the farm. In
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many states—especially those like Rajasthan,
Odisha, and West Bengal-——women are often
the primary agricultural workers due to male
migration for urban employment. Their day
typically begins before sunrise and ends well
after sunset. They are involved in tasks such as
seed selection, nursery raising, sowing,
weeding, irrigation, applying organic manure,
pest management, harvesting, threshing, and
winnowing. Women are also deeply involved in
livestock care, poultry farming, and dairy
production. In fact, women dominate sectors
like dairying and small animal rearing, which
are critical for nutritional and livelihood
security in rural households. Furthermore, rural
women are guardians of indigenous agricultural
knowledge. They play an essential role in
preserving  traditional seed  varieties,
understanding crop cycles, practicing crop
rotation, and utilizing organic farming
techniques. Their local knowledge contributes
immensely to sustainable farming practices and
biodiversity conservation. Despite their critical
role, women's labour is often informal, unpaid,

or underpaid. They are typically seen as
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"helpers" to male farmers rather than farmers in
their own right. As a result, their economic and
social contributions remain largely invisible in
national statistics and policy frameworks.
Review literature

Gupta et al. (2024) The results revealed that
women were predominantly involved in key
agricultural activities such as seed sowing
(67.5%), making decisions related to pre-
storage treatments (66.7%), drying of threshed
grains (60.8%), carrying out intermediate grain
treatments during storage (60.8%), and drying
crops prior to threshing (49.2%), among others.
These findings. highlight the significant and
active role of women in critical post-harvest
and crop management activities within the
agricultural sector.

Kabir et al. (2023) in their study observed that
women have traditionally played a key role in
income-generating  activities  within  their
households. The study found that about 71% of
rural women -exhibited a. positive  attitude
toward post-harvest processing, while nearly
43% were directly involved in such activities.
Factors such as age, education, household size,
and the degree of social interaction
significantly influenced their attitudes ' and
participation. The study underscores the crucial
role of socio-demographic factors in shaping
rural women's involvement and perceptions in
post-harvest vegetable processing.

Nath et al. (2022) in the study reported that a
majority of tribal women collaborated with

their families in key farming activities such as

harvesting (63.34%), intercultural operations
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(58.18%), and storage of harvested produce
(55.45%). However, a large percentage
refrained from engaging in pesticide
application  (70.91%), land

(68.18%), and seed treatment (64.55%) due to

preparation

the labour-intensive nature of these tasks. On
the domestic front, more than half
independently managed responsibilities like
cooking, childcare, elder care, and laundry,
while also jointly participating in animal care.
Interestingly, 80% of tribal farm women were
independently involved in weaving,
showcasing their multi-dimensional roles. The
study highlights the dual contribution of tribal
farm women in both agriculture and household
activities, emphasizing their central role in rural
livelihoods and traditional skills.

Muthukumar et al. (2020) in their study found
that more than half of the respondents
identified multiple barriers hindering the
adoption of advanced post-harvest methods.
These included labour shortages and rising
labour costs, limited technical knowledge and
support, the time-intensive nature of new
technologies, market price volatility, restricted
access to credit facilities, high costs of
pesticides and other agricultural inputs, and the
unavailability of appropriate post-harvest tools
and machinery. The study reveals that a
combination of economic, technical, and
infrastructural challenges significantly limits
the adoption of modern post-harvest

technologies among paddy farmers.

Methodology
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The review involved an extensive examination
of academic journals, official government
documents, and online databases. Data was
gathered from multiple Government of India
departments, such as the Ministry of
Agriculture and Farmers’ Welfare, Ministry of
Rural Development, Ministry of Women and
Child Development, and Ministry of Labour
and Employment. Additionally; peer-reviewed
studies were evaluated to substantiate insights
on the challenges and stress faced by women
engaged in agricultural work.

Challenges Faced by Women Farmers
Despite  their'. extensive involvement in
agriculture, women face systemic and structural
challenges that hinder their productivity and
empowerment.

1. Land Ownership: One of the most
significant barriers is land ownership.
Only about 13% of women in rural
India own' land, which |is crucial not
just for economic -independence but
also for accessing credit, insurance, and
government schemes. Without formal
ownership, women cannot use land as
collateral for loans or qualify as official
"farmers" in the eyes of institutions.

2. Limited Access to Inputs and
Services: Women often lack access to
quality seeds, fertilizers, irrigation, and
farming equipment. Extension services
and training programs are

predominantly designed and delivered

with male farmers in mind. This limits

www.sabujeema.com

women’s exposure to new technologies
and farming techniques.

3. Credit and Financial Exclusion:
Credit availability is a significant issue.
Women usually have lower financial
literacy and fewer assets, making it
harder for them to secure loans or
invest in their farms. Financial

institutions may be reluctant to lend to

women, ‘especially those without
formal land ownership or financial
history.

4. Social Norms —and  Mobility

Restrictions: Patriarchal social norms

restrict women’s participation in
training, markets, and decision-making
processes. They are often excluded
from community leadership roles or
farmer organizations. Their mobility is
limited, making it difficult to sell
produce in distant markets or attend
agricultural expos and workshops.

5. Workload and Health Risks: Women
juggle farm work with household
responsibilities, child care, and other
domestic chores. This double burden
affects their health, education, and
overall well-being. Exposure to

pesticides, long hours in the sun, and
lack of access to health facilities pose
additional risks.

Way Forward: Empowerment through

Policy and Practice

To fully harness the potential of women in

agriculture, a comprehensive and inclusive
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approach is required that combines policy
reform with grassroots-level action.

Land Rights and Legal Recognition: Women
must be given legal rights to land ownership,
either jointly with male family members or
independently. Issuing joint land titles and
promoting inheritance rights for daughters can
strengthen their bargaining power and security.
Recognition as Farmers: Formal recognition
of women as farmers through the issuance of
'Women Farmer Cards' will enable them to
access subsidies, crop insurance, credit, and
other support services directly. This would also
help in collecting gender-disaggregated data for
informed policymaking.

Capacity Building and Training: Tailored
training programs on advanced agricultural
practices, digital tools, and financial literacy
should be developed for women. These must be
delivered in local languages and through
women-friendly formats, such as village-level
camps and audio-visual aids.

Strengthening SHGs and FPOs: Self-Help
Groups and Farmer Producer Organizations
offer platforms for women to collaborate, pool
resources, access markets, and advocate for
their rights. Government support in terms of
capacity building, infrastructure, and funding
can greatly enhance their effectiveness.
Gender-Sensitive Extension Services:
Agricultural extension systems must be
reoriented to be more inclusive. Hiring female
extension workers, organizing women-only
training sessions, and involving women in the

design of programs can increase participation.
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Effective Implementation of Schemes:
Existing schemes should be scaled up and
monitored closely to ensure that benefits
intended

actually reach  the women

beneficiaries.  Regular  evaluation  and
community feedback mechanisms can improve
impact.

Conclusion

Empowering. women in agriculture is not
merely a step towards. gender equity—it is a
strategic necessity for achieving national goals
of food security, poverty alleviation, and
sustainable development. Women's deep-rooted
connection with the land, coupled with their
resilience and local knowledge, makes them
indispensable to the agricultural economy.
Recognizing their role, ensuring equal access to
resources, and enabling their full participation
in agricultural value chains can unlock vast
potential. As India strives for a more inclusive
and robust rural transformation, the upliftment
of women farmers must be at the centre of the
agenda. They are' not just participants but
leaders and change-makers—the true backbone
of a changing rural India.
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Abstract

Post-harvest losses (PHL) remain one of the
most pressing challenges in agriculture,
particularly in. countries like India where
smallholder farming dominates and
infrastructure remains underdeveloped. Losses
occurring during harvesting, handling, storage,
transportation, processing, and marketing result
in significant wastage of food, economic losses
for farmers, and missed opportunities for
improving food and nutritional security. This
paper offers a holistic examination of the
causes, consequences, and potential strategies
to reduce PHL. It discusses recent innovations,
the role of extension agents, and ongoing
government initiatives that aim to create
resilient post-harvest systems. The findings
advocate for a convergence of policy support,
community-based capacity-building, and low-
cost technological interventions to transform
the post-harvest landscape in India.

Key word - Post-Harvest Losses (PHL), Food
and  Nutritional

Security,  Agricultural

Infrastructure, Extension Services,

Technological Interventions

Introduction

Post-harvest loss (PHL) refers to the
degradation in both quantity and quality of
agricultural produce occurring between the
stages of harvesting and final consumption.
These losses can result from various factors
including  microbial  activity, = improper
handling, inadequate storage, and inefficient
transportation where

systems. In India,

agriculture forms the backbone of rural
livelihoods, PHL poses a serious threat to food
security, farm  income, and  ‘sustainability.
According to NABCONS (2022), significant
losses are recorded in perishables like fruits
(19.34%) and vegetables (17.97%). Globally,
the FAO (2021) reports that about 30% of all
food produced is lost or wasted, further
intensifying the need for effective post-harvest
management systems. Reducing these losses is
critical not only for improving the efficiency of
the agricultural supply chain but also for
ensuring nutritional security and supporting the

economic well-being of farmers.
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Causes of Post-Harvest Losses

e Primary Causes:
Microbial spoilage: Caused by bacteria and
fungi due to improper sanitation and moisture
levels.
Environmental stress: High humidity and
temperature fluctuations accelerate spoilage.

e Secondary Causes:
Faulty harvesting techniques: Harvesting at the
wrong stage of maturity, physical damage.
Inadequate storage: . Absence of climate-
controlled storage, especially at the village
level.
Transportation and marketing inefficiencies:
Long and disorganized supply chains without
proper preservation infrastructure.
Poor extension support. Farmers often lack

timely knowledge or access to modern post-

harvest methods.

Magnitude of the Problem

According to NABCONS (2022), the annual
post-harvest losses in India amount to 12.49
million metric tonnes (MMT) of cereals, 1.37
MMT of pulses, 2.11 MMT of oilseeds, 7.36
MMT of fruits, 11.97 MMT of vegetables
Together, these figures reflect a colossal waste
of food, farm inputs, water, labor, and energy.
In the broader global context, nearly 13.2% of
food is lost from harvest up to retail, while an
additional 17% is wasted at the retail and

consumer levels (FAQ, 2021).

Socio-Economic Consequences

An International Multidisciplinary e-Magazine
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Economic stress: Farmers lose significant

income, affecting their livelihoods and
reinvestment potential.

Rural outmigration: Chronic income instability
pushes rural youth toward urban migration in
search of better opportunities.
Losses of fruits and

Nutritional impact:

vegetables—which are essential for
micronutrient intake—affect public health.

Environmental degradation: Resources used in
producing the lost food (water, fertilizers, fuel)
environmental

go to waste, intensifying

pressure.

Strategies for Reduction

A combination of infrastructure investment,
technological innovation, education, and policy
intervention is essential. Key strategies include:
Improved Infrastructure - Infrastructure
plays a wvital role in preserving perishable
produce. Cold storage facilities, refrigerated
transportation, packaging ' innovation. Cold
storage and refrigerated logistics help maintain
quality during transit. Innovative packaging
extends shelf life and minimizes mechanical
damage.

Training - Training for technology awareness.
Educating farmers and supply chain actors
about post-harvest technologies improves their
ability to implement loss-reducing practices.
Awareness drives enable adoption of tools like
and

moisture meters, ripening chambers,

storage systems.
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Adoption of Modern Technologies - Modified
atmosphere packaging, ethylene management,
etc. Modern techniques such as adjusting the
storage atmosphere (O2/CO: balance) and
controlling ethylene (a ripening hormone) delay
spoilage and enhance freshness. These are
essential for fruits and vegetables.
Strengthening Supply Chains - Coordination
and collaboration, quality control streamlining
the flow of produce through better coordination
between farmers, wholesalers, and retailers
reduces delays and damages. Quality control at
every stage ensures better market value and
reduced rejection.

Market Reforms - Direct selling mechanisms,
price stabilization, enabling farmers to sell
directly through platforms like FPOs or local
markets eliminates intermediaries, ensuring
better prices and reduced losses. Stable prices
reduce the incentive to store poorly or discard
unsold produce.

Government Policies and Incentives -
Financial ‘support, research and development
government subsidies and financial schemes
promote investment in infrastructure. R&D into
low-cost technologies (like solar dryers or eco-
coatings) makes advanced PHM  practices
accessible to smallholders.

Adoption of Best Practices - Hygiene and
Sanitation proper handling techniques, clean
and safe handling practices prevent
contamination and microbial spoilage. Training
workers in hygiene during sorting, packaging,

and storage is critical to preserving food

quality.
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Role of Extension Agents

Extension agents play a vital role in bridging
the knowledge and practice gap at the
grassroots. Their responsibilities include:
Supporting Farmer Groups and
Cooperatives - Extension agents assist in
forming and strengthening farmer producer
groups and cooperatives to improve collective
access to resources, infrastructure, and markets,
reducing individual risks.

Encouraging Women's Participation - They
promote the involvement of women in post-
harvest activities such as grading, value
addition, and processing—empowering them
economically and  ensuring  inclusive
development.

Encouraging Value Addition and Processing
- Agents train farmers in converting raw
produce into marketable products (e.g., chips,
flour), which reduces spoilage and enhances
profitability.

Facilitating Access to Market Information
and Prices - They help farmers make informed
selling decisions by providing timely
information on market trends, demand, and
pricing, which reduces storage losses and
distress selling.

Integration of Technical Knowledge with
Modern Technologies - Extension workers
bridge the gap between scientific advancements
and field-level implementation by introducing
farmers to innovative tools and techniques for

post-harvest handling.
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Promoting Use of Appropriate Packaging
Materials - They advise on suitable, often low-
cost packaging options to prevent mechanical
damage, contamination, and spoilage during
storage and transport.

Training on Handling and Storage Practices
- By educating farmers on best practices in
drying, threshing, sorting, and _ storage,
extension agents help minimize microbial and
physical losses.

Creating Awareness of Government
Schemes - Extension agents inform and guide
farmers to take advantage of subsidies,
financial aid, and infrastructure development
programs available through various government

schemes.

Technological Innovations

New and emerging technologies are

increasingly available and feasible for
smallholder farmers:

Solar-Powered Cold Storage: Offers energy-
efficient 'cooling solutions. for - perishable
produce in off-grid areas.

Automated Sorting Machines: Improve speed
and accuracy in produce grading using
computer vision.

Edible Coatings: Application of natural
biopolymers such as chitosan and cellulose-
based films extend shelf life by reducing
oxidation and microbial growth.
Nanotechnology: Nanomaterials can enhance

packaging performance, slow microbial growth,

and act as intelligent indicators of spoilage.

Evaporative  Cooling: Low-cost, passive
cooling solutions using water-soaked materials
for transporting fresh produce without
refrigeration.
Government Interventions and Policy
Support

Agriculture Infrastructure Fund (2020-2026):
%1 lakh ‘crore earmarked for developing
warehouses, cold chains, and processing units.
Subsidy Schemes: Up to 33.3% capital subsidy
for post-harvest projects in hilly and NE
regions.

SFAC & PACS Models: Support integration of
credit, storage, and logistics through local
cooperatives and FPOs.

These schemes aim to empower farmers,
reduce intermediaries, and incentivize private
investment in agri-logistics.

Conclusion

Post-harvest losses are a major barrier to food
security, rural development, and sustainable
agriculture in India. These losses stem from
factors such as microbial spoilage, poor
infrastructure, and limited farmer awareness.
Addressing them requires a comprehensive
approach involving modern storage
technologies, efficient supply chains, and
supportive government policies. Extension
agents play a vital role in educating farmers,
promoting value addition, and linking them to
schemes and markets. Innovations like solar
cold storage, edible coatings, and
nanotechnology offer practical solutions.

Through coordinated efforts, India can reduce
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food waste, enhance farmer incomes, and build
a more resilient agricultural system.
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