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Abstract

The increasing demand for intelligent and sustainable food packaging has driven
research toward natural colorimetric indicators capable of monitoring food freshness.
Anthocyanins, naturally occurring pigments found in various fruits and vegetables,
exhibit pH-dependent color changes, making them ideal candidates for freshness
detection systems. This study investigates the extraction, purification, and
physicochemical characterization of natural anthocyanin pigments, with a focus on
their application in food freshness monitoring. Various extraction techniques, including
acidified solvent extraction and ultrasound-assisted extraction, were evaluated. The
pigments were characterized using spectroscopic and chromatographic methods.
Results indicate that anthocyanins demonstrate strong pH sensitivity, stability under
controlled conditions, and high potential for integration into smart packaging systems.
This work contributes to the development of eco-friendly, real-time food quality
monitoring technologies.

1. Introduction

Food spoilage is a major concern in the global food supply chain, leading to
economic losses and health risks. Traditional methods for assessing food freshness rely

on laboratory-based analyses, which are time-consuming and not suitable for real-time
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monitoring. Therefore, the development of intelligent packaging systems incorporating
visual indicators has gained considerable attention.

Anthocyanins are water-soluble flavonoid pigments responsible for the red,
purple, and blue coloration in many plant tissues. Their molecular structure is highly
sensitive to environmental factors, particularly pH, resulting in distinct and reversible
color changes. These properties make anthocyanins promising candidates for use as
natural indicators of food freshness, as spoilage processes often lead to pH variations
due to microbial activity and biochemical reactions.

The objective of this study is to extract and characterize anthocyanin pigments
from natural sources and evaluate their suitability for food freshness detection

applications.

2. Literature Review

Anthocyanins have been extensively studied for their antioxidant properties and
colorimetric behavior. Common sources include red cabbage, grape skins, berries, and
purple sweet potatoes. The chemical structure of anthocyanins consists of a flavylium
cation, which undergoes structural transformations depending on pH:

Acidic (pH < 3) — flavylium cation — red
Neutral (pH 4-6) — quinoidal base — purple
Alkaline (pH > 7) — chalcone form — blue/green

Previous studies have demonstrated the successful incorporation of anthocyanins
into polymer matrices for intelligent packaging. However, challenges remain regarding
pigment stability, degradation under light and temperature, and reproducibility of

extraction methods.

3. Materials and Methods

3.1 Raw Materials

Natural sources rich in anthocyanins were selected, including:
. grape skins

. red cabbage
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. berries

3.2 Extraction Process

Anthocyanins were extracted using acidified ethanol:

Ethanol (70%) + HCI (1%) — extraction at 25—40°C for 1-2 hours
Ultrasound-assisted extraction (UAE) was also applied to enhance yield through

cavitation effects.

3.3 Purification

The crude extract was filtered and concentrated. Further purification was
performed using:

. solid-phase extraction (SPE)

. centrifugation

3.4 Characterization Techniques

The extracted pigments were characterized using:

. UV-Vis Spectroscopy (absorption peak ~520 nm)

. High-Performance Liquid Chromatography (HPLC)
. Fourier Transform Infrared Spectroscopy (FTIR)

3.5 pH Sensitivity Testing
Anthocyanin solutions were exposed to buffer solutions with varying pH values

(2—-10), and color changes were recorded visually and spectrophotometrically.

4. Results and Discussion
4.1 Extraction Efficiency
Ultrasound-assisted extraction yielded higher anthocyanin concentrations

compared to conventional methods due to enhanced cell disruption.
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4.2 Spectroscopic Analysis
UV-Vis spectra showed characteristic absorption maxima around 520 nm,
confirming the presence of anthocyanins. FTIR analysis indicated functional groups

associated with phenolic structures.

4.3 pH-Dependent Color Behavior

The pigments exhibited clear and reversible color transitions:

pH Color
2-3 Red
4-6 Purple
7-8 Blue
>9 Green

4.4 Application in Freshness Detection

When applied to food systems:

. fresh food — stable acidic pH — red/purple color
. spoiled food — increased pH — blue/green shift

This demonstrates the feasibility of anthocyanins as visual freshness indicators.

4.5 Stability Considerations

Anthocyanins showed sensitivity to:

. light exposure
. high temperature
. oxygen

Encapsulation and polymer integration are recommended to improve stability.

5. Conclusion
This study confirms that natural anthocyanins can be effectively extracted and

characterized for use in food freshness detection systems. Their pH-sensitive
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colorimetric properties enable real-time monitoring of food quality, offering a

sustainable alternative to synthetic indicators.

Future research should focus on improving stability, optimizing extraction

processes, and integrating anthocyanins into scalable smart packaging materials.
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