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Abstract: Enzymatic browning represents one of the most significant post-harvest challenges affecting fresh fruits and vegetables,
leading to rapid deterioration in visual appeal, flavor, texture, and nutritional quality. This phenomenon primarily occurs due to
the activity of polyphenol oxidase (PPO), which catalyzes the oxidation of phenolic compounds into quinones that subsequently
polymerize into brown pigments. Such changes not only reduce consumer acceptability but also contribute to substantial economic
losses in the food industry. In recent years, increasing consumer awareness regarding food safety and the demand for clean-label
products have led to a shift away from synthetic antioxidants such as BHA and BHT toward natural alternatives. Natural
antioxidants derived from plant sources are considered safer, environmentally friendly, and beneficial for health due to their
additional bioactive properties. The present study focuses on evaluating the comparative effectiveness of selected natural
antioxidants—ascorbic acid, citric acid, fresh lemon juice, sodium chloride, and calcium chloride—in inhibiting enzymatic
browning in fresh-cut apple slices (cv. Fuji). The samples were treated with different concentrations of these agents and monitored
over a period of 120 minutes under controlled conditions. Browning intensity was assessed using a standardized visual scale, and
percentage inhibition was calculated relative to untreated controls. Additionally, in-vitro antioxidant assays such as DPPH and
ABTS were performed to validate the radical scavenging capacity of the tested compounds. The results demonstrated that ascorbic
acid exhibited the highest efficacy, completely inhibiting browning at higher concentrations. Lemon juice also showed strong
antioxidant activity due to the synergistic presence of ascorbic acid, citric acid, and flavonoids. Citric acid displayed moderate
effectiveness by reducing pH and chelating metal ions, while sodium chloride and calcium chloride showed comparatively lower
inhibitory effects.
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. INTRODUCTION D. Introduction To Antioxidants

Antioxidants neutralize free radicals and prevent oxidative

A. History Of Food Preservation . . A
damage. They play a crucial role in maintaining food

Food preservation has evolved from traditional methods quality and human health.
like drying and fermentation to modern techniques such as E. Types Of Food Spoilage
refrigeration, irradiation, and smart packaging. These

advancements have significantly improved food safety and * Microbial spoilage

shelf life. * Enzymatic spoilage

* Chemical spoilage
F. Enzymatic And Non-Enzymatic Oxidation

B. Need For Food Preservation

In modern society, food preservation ensures food security,

reduces waste, and maintains nutritional quality during Enzymatic oxidation occurs due to enzymes like
storage and transportation. polyphenol oxidase, while non-enzymatic oxidation
C. Role Of Oxidation In Food Spoilage involves environmental factors like oxygen and light.

G. Factors Affecting Oxidation
Oxidation causes rancidity, color changes, and nutrient

loss. It significantly reduces the quality and safety of food * Temperature
products. * Light
* Oxygen

» Metal ions
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H. Effects Of Oxidation

* Loss of flavor
* Color change
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Figure 1.1 types of food spoilage
Il. LITERATURE REVIEW

Oxidative deterioration in food systems has been
extensively studied due to its critical role in reducing food
quality, safety, and shelf life. Numerous researchers have
highlighted that oxidation, particularly lipid oxidation and
enzymatic browning, is a primary cause of spoilage in
fruits, vegetables, and processed food products. The
growing demand for high-quality, minimally processed
foods has intensified research into effective preservation
strategies, especially those involving natural antioxidants.
Recent studies emphasize the increasing preference for
plant-based antioxidants over synthetic ones due to
potential health risks associated with artificial additives.
Synthetic antioxidants such as BHA and BHT, although
effective, have been subjected to regulatory scrutiny and
consumer skepticism. As a result, natural antioxidants
derived from fruits, vegetables, herbs, and spices have

gained considerable attention for their safety,
biodegradability, and additional health benefits.
Plant-derived  antioxidants, including polyphenols,

flavonoids, carotenoids, and vitamins, have been widely
investigated for their ability to inhibit oxidative reactions.
Polyphenols, for instance, are known for their strong
radical scavenging activity and metal-chelating properties,
which help in delaying lipid oxidation. Flavonoids
contribute not only to antioxidant activity but also to
maintaining color stability in food products. Carotenoids

play a significant role in preventing photo-oxidation, while
vitamins such as vitamin C and vitamin E act as primary
antioxidants by donating electrons to stabilize free radicals.

Several experimental studies have demonstrated the
effectiveness of natural antioxidants in controlling
enzymatic browning in fresh-cut fruits. For example,
ascorbic acid has been widely reported to reduce quinones
back to their original phenolic forms, thereby preventing
pigment formation. Citric acid acts by lowering pH and
inhibiting enzyme activity, while lemon juice provides a
combination of organic acids and bioactive compounds that
enhance its overall effectiveness.

In addition to individual antioxidants, synergistic effects
between different natural compounds have also been
observed. The combination of multiple antioxidants often
results in improved preservation efficiency compared to
single-component systems. This has led to the development
of innovative preservation techniques that incorporate
natural extracts into edible coatings, packaging materials,
and food formulations.

Furthermore, in-vitro assays such as DPPH and ABTS are
commonly used to evaluate antioxidant capacity. These
methods provide reliable insights into the free radical
scavenging ability of different compounds and help in
correlating laboratory findings with real food systems.
Overall, the literature indicates a clear trend toward the
adoption of natural antioxidants in food preservation.
Continued research in this area is essential to optimize their
application, improve their stability, and enhance their
effectiveness in diverse food matrices.
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Figure 2.1 Health impacts of food oxidation
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I11. MATERIALS AND METHODS

A. Materials

* Fuji apple slices

« Ascorbic acid

« Citric acid

* Lemon juice

¢ Sodium chloride
« Calcium chloride

IV. METHODOLOGY

Apple slices were treated with different solutions and
observed over 120 minutes. Browning was measured using
a visual scale.

A. Dpph Assay

Used to measure free radical scavenging activity.
B. Abts Assay

Used to evaluate antioxidant capacity.
V. RESULTS AND DISCUSSION

A. Observations

« Ascorbic acid showed highest inhibition
» Lemon juice showed strong effectiveness
« Citric acid showed moderate results

V1. DISCUSSION

The findings of the present study clearly demonstrate the
effectiveness of natural antioxidants in inhibiting
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enzymatic browning in fresh-cut apple slices. Among all
treatments, ascorbic acid exhibited the highest efficiency,
which can be attributed to its strong reducing power and its
ability to convert quinones back into their original phenolic
compounds, thereby interrupting the browning pathway.
Additionally, ascorbic acid acts as an oxygen scavenger,
further slowing oxidative reactions. The dose-dependent
response observed in this study is consistent with previous
research, indicating that higher concentrations result in
greater inhibition efficiency.

Lemon juice also showed remarkable effectiveness, which
may be explained by its complex composition. It contains
not only ascorbic acid and citric acid but also flavonoids
and other phytochemicals that act synergistically to
enhance antioxidant activity. This multi-component system
makes lemon juice a highly practical and accessible
solution for household and industrial applications.

Citric acid demonstrated moderate inhibition of browning
primarily due to its ability to lower the pH of the medium.
Since polyphenol oxidase exhibits optimal activity at near-
neutral pH, acidic conditions significantly reduce enzyme
activity. Furthermore, citric acid chelates metal ions such
as copper at the active site of the enzyme, thereby inhibiting
its catalytic function.

On the other hand, sodium chloride and calcium chloride
showed comparatively lower effectiveness. Their
mechanism mainly involves ionic interactions and osmotic
effects, which may interfere with enzyme activity to some
extent but are not as potent as direct antioxidant
mechanisms. Calcium chloride, however, may contribute to
maintaining structural integrity of tissues, which can
indirectly slow down browning.

Table-4.1 Browning score at different timings by different treatments

Treatment Concentration Browning score at different time

To T30 Teo T120 T1s0 Taa0
Water 0% 0.0 1.3 2.7 3.7 4.0 4.0
Ascorbic 1% 0.0 0.0 0.3 1.0 1.7 2.0
acid
Ascorbic 2% 0.0 0.0 0.0 0.3 0.7 1.0
acid
Ascorbic 3% 0.0 0.0 0.0 0.0 0.3 0.7
acid
Citric acid 1% 0.0 0.3 1.0 2.0 3.0 3.3
Citric acid 2% 0.0 0.0 0.7 1.7 2.7 3.0
Citric acid 3% 0.0 0.0 0.7 1.3 2.0 2.3
Lemon juice | 100% 0.0 0.0 0.0 0.7 1.0 1.3
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Honey 10% 0.0 0.7 1.7 2.3 3.0 3.7
Honey 20% 0.0 0.3 1.3 2.0 2.7 3.3
Honey 30% 0.0 0.3 1.0 1.7 2.3 2.7
NaCl 2% 0.0 0.7 1.7 2.7 3.3 3.7
NaCl 5% 0.0 0.3 1.3 2.3 3.0 3.3
CaCl; 1% 0.0 0.7 1.7 2.7 3.3 3.7
CaCl; 2% 0.0 0.3 1.0 1.7 2.3 2.7

The results obtained from DPPH and ABTS assays further
support the experimental findings, confirming that
substances with higher radical scavenging activity
correspond to better browning inhibition. This correlation
highlights the importance of antioxidant capacity in real
food systems.

VIl. CONCLUSION

The present study provides a detailed investigation into the
role of natural antioxidants in controlling enzymatic
browning, a major factor responsible for quality
deterioration in fresh-cut fruits and vegetables. Enzymatic
browning not only affects the visual appearance of food but
also leads to undesirable changes in flavor, texture, and
nutritional ~ value, ultimately reducing consumer
acceptability and market value.

The experimental results clearly demonstrate that natural
antioxidants can effectively inhibit oxidative processes and
significantly delay browning reactions. Among all the
tested treatments, ascorbic acid proved to be the most
efficient antioxidant. Its superior performance can be
attributed to its dual mechanism of action—firstly, by
reducing quinones back to their original phenolic
compounds, and secondly, by scavenging oxygen, thereby
preventing further oxidation. The dose-dependent response
observed in this study further confirms that higher
concentrations enhance its inhibitory efficiency.

Lemon juice also emerged as a highly effective treatment
due to the presence of multiple bioactive components such
as ascorbic acid, citric acid, and flavonoids. The combined
action of these compounds creates a synergistic effect,
making lemon juice a practical, economical, and easily
available natural preservative. Citric acid, while less
effective than ascorbic acid, still showed considerable
inhibition of browning by lowering the pH and chelating

metal ions required for enzyme activity. In contrast, sodium
chloride and calcium chloride demonstrated limited
effectiveness, indicating that simple ionic interactions are
not sufficient for strong antioxidant activity.

The results obtained from DPPH and ABTS assays further
validate the antioxidant potential of the tested compounds,
establishing a clear relationship between radical
scavenging activity and browning inhibition. This
highlights the importance of antioxidant capacity as a key
factor in food preservation.

From a broader perspective, this study emphasizes the
growing importance of natural antioxidants in the food
industry. With increasing consumer awareness regarding
health and safety, there is a strong shift toward clean-label
and minimally processed foods. Natural antioxidants not
only fulfill this demand but also offer additional health
benefits, making them a preferable alternative to synthetic
preservatives.

However, despite their advantages, certain limitations must
be considered. The effectiveness of natural antioxidants
depends on various factors such as concentration, method
of application, storage conditions, and interaction with
other food components. Therefore, further research is
required to optimize their usage, improve their stability,
and evaluate their performance in large-scale industrial
applications.

In conclusion, the incorporation of natural antioxidants
represents a promising and sustainable approach to food
preservation. Their ability to enhance shelf life, maintain
quality, and ensure safety makes them an essential
component of modern food systems. This study contributes
to the understanding of their practical applications and
provides a foundation for future advancements in the field
of food science and technology.
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VIIl. FUTURE RESEARCH DIRECTIONS

Future studies should investigate synergistic blends (e.g.,
ascorbic + quercetin) for enhanced efficacy, long-term
effects under refrigerated (4°C) or modified atmosphere
packaging, and extension to high-spoilage produce like
bananas, potatoes, or avocados. Sensory evaluations via
consumer panels, microbial safety assessments, and
lifecycle analyses (sustainability, cost-benefit) would
bridge lab-to-market gaps. Exploring nano-encapsulation
for sustained release could revolutionize industrial
applications, while genomic studies on PPO variants
promise tailored antioxidants.

Moreover, interdisciplinary research integrating multiple
scientific domains could unlock unprecedented advances in
natural antioxidant  applications. Biotechnology
approaches, including genetic engineering and CRISPR-
based modifications of crop plants to enhance endogenous
antioxidant production, warrant systematic investigation to
create self-preserving produce varieties. The intersection of
materials science and food technology presents
opportunities for developing smart, responsive packaging
systems that release antioxidants triggered by oxidation
markers or environmental changes. Climate resilience
studies examining how temperature fluctuations, seasonal
variations, and geographical differences affect both
antioxidant stability in foods and the phytochemical
composition of source plants would be invaluable for
global supply chain management. Research into the
microbiome interactions—specifically how natural
antioxidants influence gut health and the bioavailability of
nutrients during digestion—could reveal dual benefits of
preservation and functional food development.
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