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HIGHLIGHTS

= Chitosan smart label showed clear pH-responsive color changes.
= Smart label detected spoilage in animal-based foods effectively.
= Label reflected freshness loss in plant-based foods accurately.

= Smart label enabled real-time freshness monitoring of foods.

Avrticle type ABSTRACT
Original article Background: A chitosan-based smart label integrating ginger essential oil and

Keywords anthocyanins was developed to provide an environmentally friendly, visually detectable
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Anthocyanin means of monitoring food freshness. The label aims to detect quality changes in animal-
Chitosan and plant-based food products during storage through observable color variations.
Eg(l)cc)jnmetry Method: The smart label was prepared by casting a chitosan-based film containing butterfly
pea anthocyanin extract and ginger essential oil, then oven-drying. The label performance was
Article h.istory evaluated by monitoring changes in color change (AE) using an Android-based color detector
Egg?s'ggfj'zg%dﬁlzzo%? application, pH was monitored using a pH meter, Total Volatile Basic Nitrogen (TVB-N) was
Accepted: 25 Jun 2026 measured using the Conway microdiffusion method; and Total Plate Count (TPC) was
assessed using the pour plate method. Experimental data were collected in triplicate, and
Abbreviations results are expressed as the mean + Standard Deviation (SD).
TPC=Total Plate Count Results: In animal-based foods, label color variations correlated with protein degradation

TVB-N=Total Volatile Basic

Nitrogen and the release of volatile base compounds. In contrast, distinct color transitions occurred in

milk, despite minor pH fluctuations. In plant-based foods, color responses reflected changes
in pH, vitamin C degradation, microbial growth, and weight loss. The label exhibited the
highest sensitivity to milk for animal-based foods and to grapes for plant-based foods, with
AE values exceeding 5 and 11, respectively, indicating strong visual detectability. The
decomposition of proteins in animal-based foods produced volatile base compounds with a
TVB-N value of 1.12-11.76 mg/100 g. The base compounds increased the pH up to 8. In
plant-based foods, pH and the number of microorganisms increased during storage, while
vitamin C decreased. The pH value increased from 3 to 5, while the number of
microorganisms increased from 0.008 to 0.086 Colony Forming Units (CFU)/ml. Vitamin
C decreased from 204 to 43 ppm.

Conclusion: The developed chitosan-based smart label effectively monitored freshness
deterioration in both animal- and plant-based foods through visible AE. The label features
a real-time freshness indicator, thanks to its biocompatibility, antimicrobial activity, and
stable color response.
© 2026, Shahid Sadoughi University of Medical Sciences. This is an open access
article under the Creative Commons Attribution 4.0 International License.
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Introduction

The rising demand for fresh and safe food has
heightened customers' expectations for food packaging.
This presents new challenges for the development of food
packaging technology. A packaging component is a label
that often includes product details. Labels on food
packaging can be developed into smart labels that provide
additional functions to monitor temperature, pH, humidity,
gases, or metabolites associated with food decomposition
within the packaging or its surrounding environment.
Therefore, smart labels not only provide information about
the product but also about its quality (Bhowmik et al.,
2022; Sani et al., 2021).

The acidity of spoiled food changes, as reflected in its
pH, therefore, pH-based sensor labels can be used to
indicate the freshness of food products. Anthocyanins are
water-soluble pigments that give fruits, vegetables, and
flowers their red, purple, and blue colors. They are pH-
sensitive and exhibit a range of colors at varying pH
values. Thus, anthocyanins have the potential to be used as
materials for making smart labels. They are also
biocompatible and have potent antioxidant and
antibacterial activities. Nevertheless, anthocyanins are
susceptible to degradation, which can alter their chemical
and physical properties. To enhance their stability and pH
sensitivity, anthocyanins can be encapsulated within a film
matrix. A pH-sensitive smart label has been developed by
creating a quaternary ammonium salt nano-complex of
chitosan-sodium alginate (Zhang et al., 2024). This nano
complex was loaded with anthocyanins and incorporated
into a polyvinyl alcohol matrix to monitor milk freshness.

Anthocyanins are present in various fruits, flowers,
leaves, bark, and grains. Anthocyanins can be extracted
from red beet (Ranjbar et al., 2023), purple yam (Li et al.,
2023), purple sweet potato (Yana et al., 2021), black rice
(Zeng et al., 2023), and butterfly pea flower (Narayanan et
al., 2023). They have been widely used to prepare smart
labels for food quality monitoring. Among the anthocyanin
sources, butterfly pea flower (Clitoria ternatea) extract
exhibits the highest pH sensitivity (Rawdkuen et al., 2020),
enabling butterfly pea flower anthocyanins to display color
changes (AE) across various pH levels. These pH-
dependent optical properties make anthocyanins from
butterfly pea flower extracts a promising biosensor agent
for detecting food product spoilage. The stability of
anthocyanins from butterfly pea flowers is relatively low;
however, they exhibit a strong halochromic response to pH
changes, with a characteristic blue color due to their high
ternatin content, a polyacylated derivative of delphinidin
3,3',5'-triglucoside (Channa et al., 2025). Dye extraction
from butterfly pea flowers was carried out using a
maceration method with ethanol as the solvent, yielding
55% with a total anthocyanin content of 1113.3 mg/L
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(Mahatmanti et al., 2024).

The carrier polymer used to encapsulate natural pigments in
the production of smart labels is generally a natural polymer,
such as chitosan. Chitosan is non-toxic, biodegradable,
chemically stable, and forms films readily (Li et al., 2023).
Chitosan has been recognized by the United States Food and
Drug Administration (US-FDA) as a non-toxic and safe
material to use (Purohit et al., 2023), leading to its extensive
application in food packaging development. Chitosan also
exhibits high antioxidant and antibacterial activities (Haghighi
et al., 2020). However, chitosan is sensitive to moisture (dos
Santos et al., 2017), which can interfere with its function as a
matrix or film for dyes. Thus, it cannot accurately display AE
(Zheng et al., 2023). Therefore, other materials such as wax,
lipids, and oils can be added to the chitosan matrix to
overcome these drawbacks.

Incorporating essential oils effectively reduces water vapor
permeability of bioplastic films and enhances their flexibility
(Mukurumbira et al., 2022). An increased essential oil
concentration correlates with decreased water absorption
capacity and reduced water vapor permeability (Sharma et al.,
2021). Essential oil enhanced the antioxidant effects of
chitosan (Florez et al., 2022). Ginger essential oil is rich in
bioactive compounds, including phenolic compounds such as
gingerols and shogaols, contributing to its antioxidant, anti-
inflammatory, and antimicrobial properties. These phenolic
compounds can neutralize free radicals, inhibit lipid
peroxidation, and enhance the activity of endogenous
antioxidant enzymes, making them a promising source of
antioxidants (Showkat et al., 2025).

Biofilms composed of chitosan, butterfly flower extract,
and ginger oil have been successfully synthesized
(Mahatmanti et al., 2024). The biofilms exhibited visually
detectable AE. The study demonstrated that biofilms have
the potential to serve as eco-friendly packaging materials.
Furthermore, biofilms can monitor pH levels, which are
observable through their color.

Generally, researchers have developed smart labels for
single detection, particularly for monitoring animal-based
food products (Handayani et al., 2024; Kaewprachu et al.,
2024; Khan et al., 2024). Therefore, this study aims to
develop a chitosan-based smart label with dual detection
capabilities for monitoring the freshness of both animal-
and plant-based food products. The smart label is
incorporated with anthocyanins and ginger oil to enhance
its functionality as a freshness indicator. This research also
seeks to address the limited development of chitosan-based
films with dual detection capabilities reported to date.

Materials and methods

Materials
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The materials used were chitosan (PT. Chi Multiguna,
Indonesia), dried butterfly pea flowers purchased from a
local store, pH buffer solution (pH 1-12) (Merck,
Germany), glycerol for analysis (Merck, Geramany), tween
20 (Merck, Germany), 96% alcohol (Nusa Kimia,
Indonesia), ginger oil (Tetesan atsiri, Indonesia), and
distilled water (PT. Fuku Maju Sejahtera, Indonesia).
Plant-based (grape, strawberry, and tomato) and animal-
based (chicken meat, fish fillets, and milk) samples were
obtained from local stores.

Preparation of smart labels

The smart label was a film prepared from chitosan,
anthocyanin, and ginger essential oil. Two g of chitosan were
dissolved in 100 ml of a 2% acetic acid solution (v/v) and
stirred at 85 °C. The chitosan solution was added with 1 ml of
glycerol, ginger oil, and Tween 20. The temperature was
lowered to 65 °C, and then 7.5 ml of butterfly flower extract
was added to the mixture as an anthocyanin source. The
solution was poured into a petri dish and dried in an oven at 60
°C for approximately 48 h (Mahatmanti et al., 2024).

Smart label application

The smart label films (2 x 2 cm) were attached to the
inside of polyethylene box lids containing 25 g of samples
(plant- or animal-based). The boxes were then stored at
room temperature for 24 and 30 h (for animal-based
samples) and 1 to 10 days (for plant-based samples).

The film AE was measured using a smartphone with an
Android-based color-detection application. The total AE of
the film was calculated using Equation (1) (Gidado et al.,
2024).

AE = AL*? + Aa*?2 + Ab*? @)

Where,

AL*=L* sample - L* standard

Aa* = a* sample - a* standard

Ab* = b* sample - b* standard

L* standard = 99.34; a* standard = -0.26; and b* standard

= 1.42 according to Gidado et al., (2024).

Determination of TPC

The quantification of microorganisms was conducted by
measuring TPC using the pour plate method. Glassware,
including petri dishes, test tubes, and pipettes, was
sterilized in an oven at 80 °C for 2 h. Nutrient Agar (NA)
media was prepared by dissolving 28 g of Nutrient Agar
(NA) in 1,000 ml of distilled water and sterilized in an
autoclave at 121 °C and 1 atm for 15 min. After
sterilization, the media temperature was maintained in a
water bath at 45-55 °C to prevent freezing.

Determination of TVB-N for animal-based products

TVB-N measurements in animal-based products were
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performed according to the method described in previous
work (Handayani et al., 2024). A 5 g sample was extracted
with 7.5% trichloroacetic acid (TCA) and filtered through
Whatman No. 2 paper. One ml of the filtrate was reacted
with boric acid, Conway indicator, and saturated K,CO3;
solution in a sealed Conway cup, then incubated at 35 °C
for 2 h. The remaining boric acid solution was titrated with
HCI, and the TVB-N value was calculated from the
titration data using Equation (2).

TVB — N = (Vsample_Vblank)XNHClxloo (2)

Msample

Weight loss measurement for fruit-based products

Weight loss was measured gravimetrically by comparing
the weight before and after storage. Weight loss during
storage was calculated using Equation (3).

initial weight—final weight
initial weight

weight loss (%) = x100% (3)

Determination of vitamin C for fruit-based products

One gram of the sample was weighed, dissolved in distilled
water, and filtered and 0.05 ml of filtrate was diluted to 10 ml
with distilled water. Furthermore, absorbance was
measured using a UV-Vis spectrophotometer (FLUOstar
Omega, BMG Labtech) at 265 nm. The measurement was
repeated three times. To calculate the concentration of
vitamin C, a standard curve was prepared for ascorbic acid
solutions at various concentrations.

Statistical analysis

The measurement data were analyzed using one-way
analysis of variance (ANOVA) to determine differences in
mean values among sample groups at 5% significance level
(o = 0.05). Prior to the analysis, the data were tested for
normality and homogeneity of variance. When ANOVA
indicated a statistically significant difference (p<0.05),
Tukey's HSD post hoc test was performed to identify
pairwise differences among sample groups. The results are
presented as the mean + Standard Deviation (SD).

Results and discussion

A chitosan-based smart label was successfully prepared
by incorporating ginger oil and anthocyanins into chitosan.
According to the previous work (Mahatmanti et al., 2024),
this label is in film form with a thickness of 0.45 mm, a
tensile strength of 0.08 MPa, and an elongation of 168%.
The films also exhibit antioxidant and antimicrobial
activity when tested against S. aureus and E. coli.
Moreover, the smart labels exhibited a AE value exceeding
5 across the pH range of 1 to 12. The results demonstrate
that AE are discernible to the naked eye. The film
characteristics are presented in Table 1. The films were
then applied as smart labels to monitor the freshness of
animal- and plant-based foods during storage.

CCBY 4.0
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Smart label application on animal-based food number of microorganisms, and pH of the samples. The
data were combined with AE in the label. The results are

Monitoring of smart label application on animal-based .
g bp presented in Table 2.

food (Figure 1) was performed by examining TVB-N,

Table 1: Characteristics of a chitosan-based film used for a smart label (Mahatmanti et al., 2024)

Characteristics Result*
Mechanical
Thickness 0.45 mm
Tensile strength 0.08 MPa
Elongation 168%
Antioxidant 1Csp: 12.45 mg/L (very

strong)

Antimicrobial
S. aureus ZOl: 6.88 (moderate)
E. coli ZOl: 1.70 (weak)
Total AE AE:55-153

(pH range: 1-12)

AE=color change; ZOl=Zone Of Inhibition
a.

Storage time: Oh . Storage time: 24h

Storage time: 24h Storage time: 30h

Storage time: Oh Storage time: 24h

Storage time: 30h

Figure 1: Photograph of (a) chicken meat, (b) fish fillet, and (c) milk after storage for various times in a storage box with a smart label on the top left

Table 2: Measured parameters of the smart label and animal-based foods during storage (mean value of three independent measurements)

Parameter Time (hour)  Chicken meat Fish fillet Milk
0 0 0 0
Color difference (AE) of the label 24 7.35+0.02 2 10.23+0.14»  6.38+0.26 ¢
30 4.81+0.05® 1.23+0.14>  4.38+0.17°"
0 1.12+0.06 © 2.24+0.12° 1.96+0.18°
TVB-N value (mg/100 g) 24 740.16 ° 7.8440.12°  2.24+0.12°
30 10.08+0.05° 11.76+0.56° 3.36+0.56°
0 6 6 6
pH 24 7 7 6
30 7 8 6
. . 0 69+0.5 ¢ 14.40+0.50 © 34+15°
?(;gmber of microorganisms (CFU/ml) x 24 93.540.5° 17.80+0.50 b 65415 "
30 120+0.6 ° 23.75+0.05 » 99+0.85 ¢

Data presented as mean + Standard Deviation (SD). Different superscript letters in the same row indicate
that mean values are significantly different (p<0.05).
CFU=Colony Forming Units
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Variations in AE values of smart labels are associated
with changes in pH, TVB-N, and the total number of
microorganisms in samples during storage. While stored,
volatile base compounds are continuously released from
chicken meat, fish fillets, and milk, accumulating to higher
concentrations in the upper space of the packaging box.
The smart label absorbs these chemicals, causing AE as pH
varies.

TVB-N is commonly used to assess the freshness level
of protein-rich food products. As microorganisms and
enzymes continue to decompose proteins, the products are
released into the environment, including ammonia (NH,)
and other nitrogen compounds. These nitrogen compounds
then combine with other food components to form TVB-N.
TVB-N refers to low molecular weight substances and
alkaline compounds, especially trimethylamine (TMA),
dimethylamine (DMA), and NH;. These produce
unpleasant flavors during degradation. TVB-N levels serve
as a standard metric for assessing the freshness or spoilage
of animal-based food products during storage (Handayani
et al., 2024).

The spoilage mechanisms for each food product differ,
thus impacting label performance. In milk, spoilage is
caused by the combined effects of the decomposition
reactions of lactose, fat, and protein. Lactose is fermented
at room temperature by lactic acid bacteria, resulting in
milk becoming acidic (Li et al., 2025; Zhang et al., 2024).
Meanwhile, proteins in milk produce volatile base
compounds that increase pH level. Meanwhile, the
decomposition of proteins in fish fillets, chicken, and milk
produces volatile base compounds, a major contributor to
TVB-N, which increases pH level.

The freshness of milk can be assessed by measuring its
pH or acidity. The pH of fresh milk is between 6.6 and 6.8,
while the pH of spoiled milk is between 4.5 and 5.5. The
initial pH of fresh milk was 6, and the pH remained stable
throughout the 30 h storage period. As mentioned earlier,
the metabolism of lactose produces lactic acid, which in
turn lowers pH level. On the other hand, the protein in milk
decomposes and produces volatile bases that increase pH
level. Thus, the total pH level is relatively unchanged. The
color of the smart label transitioned from dark brown to
reddish brown, indicated by an increase in a* value,
approaching red. The AE value of 12.495 indicates that the
naked eye easily observes the color change of the smart
label. This indicates that the smart label can monitor milk
freshness.

The performance of the developed anthocyanin-based
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smart label was comparable to that reported in previous
studies, demonstrating its capability to visually monitor the
freshness of various animal-based foods through pH-
dependent AE. For chicken meat and fish fillet, the present
study showed a gradual color transition from brown to dark
brown during storage, accompanied by increases in pH and
TVB-N values, indicating the accumulation of volatile
basic nitrogen compounds associated with microbial
spoilage. Similarly, previous studies have demonstrated
that anthocyanin-based indicators effectively respond to
freshness deterioration, although the observed color
transitions varied across food matrices and indicator
formulations. Sani et al. (2021) reported a dark grey-to-
pink transition in milk and a red-to-pale pink transition in
fish, whereas Zhang et al. (2024) observed a purple-to-
purplish-red change during milk storage. In contrast, Wu et
al. (2023) reported a pink-to-yellowish-brown transition in
chicken meat during refrigerated storage. These differences
in color response are likely attributable to variations in the
anthocyanin  source, polymer matrix composition,
fabrication method, storage temperature, and the chemical
environment surrounding the pigments, all of which affect
anthocyanin stability and chromatic behavior. Despite
these differences, all studies demonstrate that anthocyanin-
based smart labels can serve as reliable visual indicators of
food freshness by responding to physicochemical changes
that occur during spoilage. Notably, unlike previous studies
that generally evaluated a single food commodity, the
smart label developed in this study was successfully
applied to three different animal-based food products
(chicken meat, fish fillet, and milk), demonstrating its
broader applicability as a freshness indicator.

Smart label application on plant-based food

Plant-based foods, including fruits and vegetables, are
important in daily diets. They are rich in essential vitamins,
inorganic salts, biological enzymes, and dietary fiber, all of
which benefit human health. Fruits and vegetables are
vulnerable to mechanical, physical, chemical, and
microbiological deterioration during post-harvest storage
and transportation. This can decrease the quality of fruits
and vegetables. In this instance, the quality of fruits and
vegetables must be closely monitored to prevent losses.
Here, smart labels can be used to monitor and provide
information regarding food quality. The application of
chitosan-based smart labels for monitoring the freshness of
fruits and vegetables (Figure 2) was evaluated, and the
results are presented in Table 3.

CCBY 4.0
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Figure 2: Photograph of (a) tomatoes, (b) strawberries, and (c) grapes after storage for various times in a storage box with a smart label on the top left

Table 3: Measured parameters of the smart label and plant-based foods during storage (average of three measurements)

Parameter Time (day) Tomato Strawberry Grape
0 0 0 0
The label AE 3 19.58+0.62°% 18.39+0.36°% 15.34+0.21°
7 9.21+0.42° 7.54+052°  11.44+0.32°
0 25.26+0.12 ¢ 9.92+0.3% 7.8+05°?
Weight (g) of food 3 23.45+0.23°  7.9206° 6.540.1°
7 21.81+0.47 ° n.a 5.4+0.1°
0 4 3 4
pH 3 5 4 4
7 5 5 5
] . 0 13+0.5°¢ 69+0.5° 8+0.5°
ll\l(;Jsmber of microorganisms (CFU/ml) x 3 15+0.1° 860 5 ° 20405
7 21+0.1° n.a 32+0.5°
0 158+1.9° 204+0.42 2 79.96+0.10 @
Vitamin C (ppm) 3 152+2.25° 188+4.7°  59.85+0.45°®
7 149+4.19° n.a 42.64%1.12°¢

Data presented as mean + Standard Deviation (SD). Different superscript letters in the same row indicate

that the means are significantly different (p<0.05).
CFU=Colony Forming Units; n.a=not available
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The results indicated that the condition of tomatoes,
grapes, and strawberries varied with storage duration. The
fruit skin turned reddish-brown, grew wrinkled, and its
texture softened, particularly after 7 days of storage. On the
seventh day, the strawberries were infested with mold and
decomposed. Strawberries, which have a thin, more
permeable peel, are susceptible to water loss, leading to
changes in texture, reduced freshness, wrinkling, or even
rotting, making the fruit unfit for consumption.

The optimal shelf life of tomatoes and grapes, determined
by visual inspection, is 7 days at room temperature,
whereas strawberries have a shorter shelf life of 3 days.
This aligns with reduced weight loss, as the percentage of
weight loss in tomatoes and grapes is lower, and the
physical alterations are less pronounced than in
strawberries. Grapes and tomatoes have a peel that protects
the fruit during storage and inhibits water loss, whereas
strawberries have none. Tomatoes also have a peel, but
their water content is higher than that of grapes, making
them more susceptible to spoilage. Weight loss is a key
measure of fruit quality, primarily associated with water
loss, and depends on the relative humidity gradient
between fruit and its environment.

The gradual increase in pH level during storage can be
attributed to enzymatic processes and the natural aging of
the fruit, which usually results in a decrease in acidity or an
increase in pH. The increase in pH can be delayed, and the
enzymatic process can be reduced using natural
preservatives. Therefore, vitamin C (ascorbic acid) content
can be a parameter for assessing the freshness and overall
quality of fruits and vegetables. The decrease in ascorbic
acid levels in vegetables and fruits is primarily triggered by
increased oxygen levels or elevated storage temperatures
(Chen et al., 2023).

Total microbial analysis using the TPC method aims to
determine the number of microbial growths in samples
during storage. According to the Indonesian national
standard (SNI 01-2733.1-2006), the number of TPC in
food ingredients is 5x10° colonies/ml. Therefore, a 7-day
storage period is recommended for tomatoes and grapes,
and a 3-day storage period for strawberries, indicating that
they remain safe for consumption.

At room temperature (25 ‘C), AE value changes with
increasing storage time. In all samples tested, AE value of
grapes changed significantly from brown (AE = 8.78) to
red (AE = 11.44) compared to tomatoes and strawberries.
This shows that the film is more sensitive to monitoring
grape freshness. Changes in AE value of smart labels are
primarily related to pH, but are also indirectly related to
vitamin C levels and the number of microorganisms.
Higher pH values decrease vitamin C (ascorbic acid)
levels, and increasing pH level to 7 also increases the
number of microorganisms. The results indicated that the
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smart label exhibited a favorable response and possessed
enhanced potential for application.

During storage, the label changed from brown to dark
brown for tomatoes and from dark brown to reddish brown
for strawberries and grapes, corresponding to increases in
microbial populations and changes in acidity. These
findings are consistent with previous studies demonstrating
that anthocyanin-based indicators effectively monitor
quality deterioration in fresh produce through pH-
responsive AE, although the specific color transitions differ
among studies. Yi et al. (2023) reported a pink-to-reddish-
brown color transition during mushroom storage, while
Tang et al. (2025) observed a dark purple-to-light yellow-
purple transition for strawberry freshness monitoring. The
differences in color response are likely related to variations
in the anthocyanin source, film composition, sensing
mechanism, and the physicochemical characteristics of
different plant matrices. Moreover, unlike mushrooms,
which exhibit relatively small pH changes during storage,
fruits such as strawberries, tomatoes, and grapes undergo
more complex biochemical changes involving organic acid
metabolism and microbial proliferation, which can affect
the microenvironment surrounding the indicator. Despite
these variations, the present results agree with previous
reports in confirming that anthocyanin-based smart labels
provide an effective, non-destructive, and visual approach
for monitoring the freshness of plant-based foods.
Furthermore, the smart label developed in this study was
successfully applied to three different fruit commodities
using a single indicator formulation, highlighting its
broader applicability compared to previous studies that
generally focused on a single type of product.

Conclusion

The chitosan-based smart label containing ginger oil and
anthocyanins demonstrated strong efficacy in monitoring
the freshness of animal- and plant-based food products.
The label presented obvious AE (AE > 5) with pH, TVB-N,
and microbial growth during storage. In the case of foods
containing animal-based materials, such as chicken, fish,
and milk, the label proved effective for monitoring
freshness deterioration caused by protein degradation,
especially through the release of volatile base compounds.
Similarly, for plant-based foods like tomatoes, grapes, and
strawberries, the label provided a clear representation of
changes in freshness caused by pH, microbial growth,
vitamin C degradation, and weight loss. Among the
samples tested, the label was more sensitive to grapes and
milk. In general, the developed chitosan-based smart label
demonstrates strong feasibility as an eco-friendly, visual
freshness indicator for real-time freshness monitoring in
food packaging.
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