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Abstract

Post-harvest fruit losses, driven by microbial spoilage and enzymatic degradation, demand
preservation methods that ensure both safety and quality. Traditional heat-based techniques like
pasteurization often compromise nutrients, flavor, and texture. This review explores emerging non-
thermal alternatives cold plasma (CP), ultrasound (US), high-pressure processing (HPP), pulsed
electric fields (PEF), and ozonation that offer effective microbial control while preserving sensory
and nutritional attributes. CP and US stand out for their ability to retain heat-sensitive compounds
and enhance processing efficiency. While high costs, regulatory uncertainty, and consumer
perception pose challenges, ongoing innovation points to a sustainable future where non-thermal
methods play a key role in reducing waste and delivering clean-label fruit products.

Introduction

Fruits are rich in essential nutrients like vitamins C and E, fiber, and antioxidants, but their
high moisture and respiration rates make them highly perishable leading to post-harvest losses
exceeding 40% globally, especially in tropical climates. Traditional heat-based preservation methods
such as boiling and pasteurization extend shelf life but often degrade nutritional quality and sensory
attributes. This has driven interest in non-thermal alternatives. Techniques like cold plasma (CP) and
ultrasound (US) are emerging as effective solutions, offering microbial control while preserving the
fresh-like qualities of fruit meeting consumer demand for safe, minimally processed foods (Barba et
al., 2015; Rastogi, 2011).
Cold Plasma Technology: Heat-Free Preservation
Mechanism of Action

Cold plasma (CP) refers to an electrically energized gas containing reactive species such as
ozone (03), nitric oxide (NO), and hydroxyl radicals (*OH), generated under ambient conditions.

These reactive compounds interact with microbial cells by damaging membranes, disrupting DNA,
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and hindering essential enzyme functions. This results in the effective neutralization of bacteria,
yeasts, and molds often found on the surface of fresh fruits (Li et al., 2025).

Cold plasma is produced through two main techniques:

o Dielectric Barrier Discharge (DBD): A direct application method for treating exposed fruit
surfaces.

o Plasma Jet Systems: These are indirect approaches suitable for sanitizing packaged fruits,
enhancing post-processing hygiene.

Applications in Fruit Preservation

e Microbial Decontamination: CP has shown strong effectiveness in reducing foodborne
pathogens such as Escherichia coli, Listeria monocytogenes, and spoilage fungi like Botrytis
cinerea, especially on delicate produce such as berries and apples (Fernandes & Rodrigues,
2021).

e Enzymatic Control: By reducing enzymes like polyphenol oxidase and peroxidase, which
cause browning in cut fruit, CP helps maintain visual appeal and freshness (Birania et al,
2022).

o Shelf-Life Enhancement: Research on fruits like grapes and mangoes treated with CP has
reported shelf-life extensions of 50 to 100%, without compromising taste, appearance, or
nutrient content (Li et al., 2025).

Advantages and Sustainability

o Preservation of Nutrients: CP excels in conserving heat-sensitive vitamins such as vitamin
C, along with antioxidants like flavonoids and anthocyanins (Patil ez al., 2024).

e Environmentally Friendly: The process uses minimal energy, requires no water or
chemicals, and leaves no toxic residues making it a sustainable choice for food preservation.

o Safe Packaging Integration: In-pack CP treatments lower the risk of recontamination and

do not degrade packaging materials, supporting hygienic and scalable commercial use.

Ultrasound Processing: Harnessing Sound Waves for Safety and Quality
How Ultrasound Works

High-power ultrasound, typically within the 20-100 kHz frequency range, relies on a
phenomenon known as acoustic cavitation. When applied to liquids or semi-solid foods, it triggers
the rapid creation and implosion of microscopic bubbles. These intense collapses generate localized
hotspots tiny zones of high pressure and temperature that, despite their scale, deliver impactful
outcomes such as:

e Disrupting microbial cell walls, effectively lowering microbial populations.
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Boosting mass transfer, which enhances enzyme deactivation and speeds up moisture loss

(Tiwari et al., 2009).

Applications in Fruit Processing

Juice Enhancement: Ultrasound improves the yield, clarity, and stability of juices from
fruits like apples, pomegranates, and oranges, reducing sedimentation and delivering a
cleaner, more visually appealing product (Dolas et al., 2019).

Drying Pre-Treatment: In fruits such as bananas, kiwis, and mango slices, ultrasound
reduces drying time by up to 30%, conserving energy while helping to maintain structural
integrity, color, and nutrient levels.

Enzyme Control: In phenolic-rich fruits like avocados and pears, ultrasound partially

inactivates enzymes like polyphenol oxidase, reducing browning and oxidative degradation.

Advantages

Low Energy Input: Ultrasound processing requires shorter treatment durations and lower
temperatures, resulting in energy savings.

Preservation of Fresh Characteristics: Unlike traditional heat-based methods, ultrasound
retains much of the original flavor, aroma, color, and texture of fresh fruit an important factor
for health-focused consumers (Chemat et al., 2011).

Versatile Integration: The technique is highly adaptable and can be used in conjunction
with other non-thermal methods like cold plasma or pulsed electric fields (PEF), offering

enhanced microbial control and quality retention.

Additional Emerging Non-Thermal Technologies

Alongside ultrasound and cold plasma, other non-thermal preservation methods are gaining ground

in fruit processing each offering unique benefits for extending shelf life and maintaining quality.

High-Pressure Processing (HPP): Using pressures of 100-600 MPa, HPP inactivates
microbes without heat, preserving antioxidants, color, and flavor in juices like guava and
citrus. However, its high cost and limited use on whole fruits remain barriers (Oey et al.,
2008).

Pulsed Electric Fields (PEF): PEF delivers short bursts of high-voltage electricity to disrupt
microbial cells and improve juice yield boosting extraction by up to 25%. It's ideal for liquid
or semi-liquid products with minimal thermal impact (Toepfl et al., 2006).

Ozonation: Ozone, applied as a gas or in water, sanitizes fruit surfaces and reduces ethylene
levels to slow ripening. It effectively targets spoilage fungi like Penicillium and leaves no

residue, making it suitable for clean-label and organic produce (Kim et al., 2003).
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Consumer Benefits and Sustainability Impact
Non-thermal preservation methods are transforming how consumers experience fresh fruit
offering improved safety, nutrition, and shelf life without compromising taste or texture.
o Enhanced Food Safety: Techniques like cold plasma and ultrasound eliminate pathogens
such as Salmonella and Listeria without heat or chemicals (Barba et al,, 2015).
e Reduced Food Waste: By extending shelf life, these methods can cut spoilage-related waste
by 30—40%.
e Clean-Label Advantage: They support the creation of minimally processed, additive-free
products that align with growing consumer demand for transparency.
These innovations meet modern expectations for healthier, safer, and more sustainable food options.
Challenges and Future Prospects
Despite their promise, several barriers hinder broader adoption:
o High Equipment Costs: Capital investments for CP, HPP, and PEF remain a challenge for
smaller producers.
o Regulatory Gaps: Inconsistent global standards complicate commercialization across
markets.
e Consumer Skepticism: Technical terms like “plasma” or “electric fields” may cause
confusion, underscoring the need for public education.
Still, advancements in research and successful pilot projects are paving the way for wider adoption.
As demand for sustainable, waste-reducing food solutions grows, non-thermal technologies are
poised to become integral to the future of food preservation.
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