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ARTICLE INFO ABSTRACT

Article history: This study investigates the development and characterization of a new smart colorimetric indicator
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Accepted 27. 12. 2025 real-time monitoring of meat spoilage. This formulation combines natural anthocyanins with a
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matrix, revealing minor spectral shifts and surface morphology changes that suggest enhanced

intermolecular interactions. The indicator exhibits distinct pH-dependent color changes,
transitioning from reddish at pH 3 to greenish-yellow at pH 12, as demonstrated by anthocyanin
extract and film tests. In a practical application, smart indicator color packaged with meat shifts
from red to yellow over 48 h, correlating with a pH increase from 5.8 to 8, indicating spoilage. Color
parameter changes (L: 20.3 to 46.3, a: 21.3 to 10.6, b: 10 to 11.6) further support its sensitivity to
freshness. These findings highlight the potential of this indicator as an effective natural tool for

intelligent food packaging applications.
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1. Introduction last longer, has resulted in the creation of new food

The need for safe and high-quality food, along with the packaging technologies. One of these innovative

increasing demand for fresh and healthy food that can

approaches is intelligent packaging, which monitors
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to ensure its safety and quality, meeting the consumers'
demands (1, 2). Food quality indicators (FQIs) are smart
devices that are affixed to food packaging as a label or
tag, and they keep track of the quality status of the
packaged food products by displaying a visual color
change. As food spoils, the concentration of organic
acids, volatile nitrogen compounds, carbon dioxide,
and biogenic amines increases, which alters the pH of
the food, which can be monitored using an FQI (3).
Typically, FQIs consist of a polymeric substrate and a
pH-sensitive pigment.

Currently, the primary focus of research for solid
substrate matrices of FQIs is on materials that are
obtained from renewable natural resources. These
materials are preferred due to their biodegradability,
biocompatibility, = abundance, and low cost.
Biopolymers derived from natural sources, such as
gelatin, chitosan, and cellulose derivatives, offer eco-
friendly substitutes (4-6). Among them, gelatin (Gel), a
polypeptide obtained from collagen hydrolysis, is
valued for its biodegradability, biocompatibility,
excellent film-forming ability, and capacity to absorb
UV light due to aromatic amino acids (6, 7). Despite
these benefits, pure gelatin films exhibit poor
mechanical, thermal, and barrier properties, along with
weak antimicrobial performance, which limits their
direct application in food packaging. Therefore, recent
studies have focused on modifying or blending gelatin
with other polymers to enhance its functional
properties for smart and sustainable packaging systems
(7). One such polymer is Carboxymethyl cellulose
(CMC), derived from cellulose, which is widely

recognized for its abundance, biodegradability, and

non-toxic nature, making it suitable for sustainable

packaging (8, 9). As a water-soluble polymer, CMC
forms transparent and flexible films but suffers from
high hydrophilicity and limited mechanical strength.
To overcome these drawbacks, blending CMC with
other polymers like Gel has proven effective. The
CMC/Gel combination has attracted increasing
attention in active and intelligent packaging due to its
biocompatibility and functional behavior (6, 10, 11).

Currently, there is an increasing trend towards using
natural indicator dyes instead of synthetic colorants,
and anthocyanin are a popular choice for developing
pH-sensitive colorimetric FQIs (12). However, the
effectiveness of anthocyanin as pH-responsive
indicators for monitoring food freshness and spoilage
depends on their source (13). The type of plant used to
obtain anthocyanin has a significant impact on the
performance of FQI. Ipomoea purpurea, which is
commonly known as Morning Glory, is the largest
genus in the Convolvulaceae family (14). This genus is
often considered a weed and is found in tropical and
certain temperate regions. Morning Glory is known for
its trumpet-shaped flowers, which are visually
appealing and are popularly cultivated for ornamental
purposes (14, 15). The Morning Glory anthocyanins
(MGA) have already been studied for their biological
properties, including hypoglycemic, anti-
inflammatory, antioxidant, and antimicrobial abilities,
as well as their anti-arthritic activity (16). To the best of
our knowledge, morning glory anthocyanin has not
previously been used as a pH-responsive indicator than
other anthocyanins. Therefore, this study reports on the
fabrication of Gel/CMC-based color sensitivity FQI
incorporated with MGA (MGA@Gel/CMC). Initially,

the colorimetry and microstructural properties of the
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designed FQI were examined. The halochromic ability
of MGA@Gel/CMC FQI in response to changes in pH
and ammonia levels was then tested. Eventually, the
MGA@Gel/CMC performance for tracking of red meat
spoilage during storage at room temperature (2 days)
was evaluated.

2. Materials and Methods

2.1. Materials

Food-grade gelatin (Gel; type A, fish source, 300 g
bloom, CAS: 9000-70-8), chemical-grade carboxymethyl
cellulose (CMC; viscosity: 800-1200 cp, 250,000 of
average MW, purity > 99.5 %, CAS NO: 9004-32-4) were
acquired from Sinopharm Co., Ltd. (Beijing, China).
The following reagents were also utilized: hydrochloric
acid (HCI, CAS; 7647-01-0), glycerol (C3HsOs, CAS; 56-
81-5, purity = 99%), and ethanol (CAS: 64-17-5, Merck
(Darmstadt, Germany)). Fresh raw red meat was
bought from a local market in Tabriz, Iran, and
transported to the laboratory under aseptic refrigerated
conditions (below 4+1°C) within 45 min. Ipomoea
purpurea (morning glory) flowers were purchased from
Mazandaran Province, Iran.

2.2.Anthocyanin extraction

To extract MGA, a modified version of the method
proposed by Chen et al. was utilized (11). Here, the
samples, after rinsing with water, were peeled, and
weighed. These fragments were then immersed in 25%
ethanol at a 1:10 solid-to-liquid ratio, stirred gently, and
kept in darkness at 25 + 2 °C for 3 h. Then, the extract
was filtered through Whatman No. 1 filter paper and
then centrifuged twice at 5000 x g and 15 °C for 8 min
each to maximize MGA extraction. The supernatant
was subsequently subjected to rotary evaporation at 39

+ 2 °C to remove the solvent. The concentrated extract

was then transferred to a dark glass container and
stored in a refrigerator for future use. The total
anthocyanin content, expressed as cyanidin-3-
glucoside equivalents in mg, was determined (17). The
extracts were dissolved in buffer solutions at pH 1.0
and pH 4.5, then scanned at 520 nm and 700 nm using
a UV-Vis spectrophotometer. The anthocyanin levels
were calculated based on the absorbance differences
observed at these two pH values. Finally, to verify
MGA’s effectiveness as a pH-responsive dye, its color
change was evaluated within a wide pH range from 3
to 12 at room temperature.

2.3.Fabrication of MGA@Gel/CMC smart indicator
Biodegradable FQI based on Gel/CMC were prepared
using the casting method. Here, mixture A was
prepared by dissolving 3% w/v Gel in 100 mL of
distilled water and stirring at 45 °C for 3 h. In parallel,
1.5 g of CMC was dissolved in 100 mL of water with
continuous stirring to form mixture B. Finally, mixture
B and 1.5 g of glycerol (acting as a plasticizer, 30 wt%
of the polymer) were gradually added to mixture A,
and the combined solution was stirred gently for 2 h to
ensure thorough mixing. After that, different
concentrations of MGA (4%, 6%, and 8%, v/v) were
incorporated into the solution and stirred magnetically
for 2 h at 25 °C. To remove bubbles, the mixture was
sonicated for 15 min. The solution was then poured
onto uniform plates at a rate of 15 g and left at 25 °C for
48 h to dry and facilitate separation. The resulting pH-
sensitive FQI were designated as Gel/CMC,
4%MGA@Gel/CMC,  6%MGA@Gel/CMC,  and
8% MGA@Gel/CMC.
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2.4. Morphological and structural properties

The analysis of potential intra- and intermolecular
interactions between the biopolymers and MGA was
conducted using a Fourier transform infrared (FT-IR)
spectrophotometer (Irprestige-21, Shimadzu, Japan).
Spectral data were collected within the range of 4000 to
650 cm™ at a resolution of 4 cm™, with each sample
undergoing 16 scans. To examine the morphological
characteristics, the samples were first sputter-coated
with a gold layer under vacuum conditions (sputtering
time of 2 min, applied voltage of 15 kV, and a working
distance of approximately 5 mm). The surface features
of the prepared indicators were then observed using a
scanning electron microscope (SEM; Quanta 450, USA).
2.5. pH and ammonia sensitivity of smart indicator
The pH sensitivity of MGA solution and the fabricated
MGA@Gel/CMC indicator was examined by
immersing the samples in phosphate buffer solutions
with varying pH levels ranging from 3 to 12, and the
resulting color changes were documented through
digital photography. The pH of each buffer solution
was meticulously adjusted using 0.1 M hydrochloric
acid (HCI) and 0.1 M sodium hydroxide (NaOH), and
subsequently verified with a calibrated pH meter. More
so, the FQIs" capacity to detect ammonia vapors was
assessed following the methodology previously
described by Tan et al. (18). In brief, the indicators were
cut into 25 mm diameter discs and positioned 1 cm
above a dish containing an 8 mM ammonia solution at
room temperature for a duration of 20 min. During this
exposure, the indicators’ color transformation was
captured every 5 min using photographic
documentation. The sensitivity of the indicators to

ammonia vapor was then quantified based on the

extent of color change observed, with calculations

performed accordingly.

(Rq — Rp) + (Gg — Gp) + (B, — By)
R, + G, + B,

Srep =

The initial and final values of red, green, and blue,
denoted as Ri, Gi, Bi, Rf, Gf, and Bf, correspond to the
respective color components measured before and after
the process. These measurements were obtained using
the Pixie program.

2.6. Determination of meat quality

To assess the FQI's performance, the meat samples
were placed inside polyethylene plastic bags, each
containing a label made from MGA@Gel/CMC
indicators. These sealed bags were then stored at 25 °C
for a period of up to 2 days, during which the color
changes of the FQI were monitored. The progression of
color transformation was documented using a digital
camera, providing visual data on the film's response
over the storage duration.

The pH and color changes of meat sample were
measured at different storage times: 0, and 2 days at 25
°C. 10 g of red meat was crushed, homogenized, and
stirred in 90 mL distilled water for 5 min, with vigorous
shaking every 5 min. The mixture was then filtered, and
the filtrate’s pH was recorded at specific intervals using
a digital pH meter (Thermo Scientific, Indonesia). The
color difference, AE, was calculated using the CIELAB

color space formula: AE =

J(Ly — L)? + (ay — ay)? + (b, — by)?, to quantify color
changes between the initial (0 h) and spoiled (48 h)

states for each measured area (19).

2.7. Statistical analysis
All experiments were performed in triplicate, and the

results are expressed as mean + standard deviation
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(SD). Statistical analyses were conducted using
GraphPad Prism (version 8, GraphPad Software, USA).
Differences among groups were evaluated using one-
way analysis of variance (ANOVA). Statistical
significance was considered at P<0.05. Different letters
in the tables/ or figures indicate statistically significant
differences between groups.

3. Results

3.1. pH-responsive color change of anthocyanin
solution

Fig. 1 displays the color changes of MGA extract within
a pH range of 3 to 12. At pH 3, the solution appears a
red color, altering to a pinkish-red at pH 4 and
maintaining a reddish color through pH 5 and 6. At pH
7, the color stabilizes as a peach color, which persists
through pH 8 and 9 with slight darkening. As the pH

increases to 10, the color shifts to a brownish-yellow,

becoming more pronouncedly yellow at pH 11 and 12.

Figure 1. Color changes of anthocyanin solution at various pH.

3.2. pH-responsive color change of smart indicator

The color changes of a smart indicator containing
anthocyanin between pH of 3 to 12 has been illustrated
in Fig. 2. At pH 3, the indicator exhibits a reddish-
brown color, changing to brown at pH 4 and 5, and
maintaining a brownish tone through pH 6 and 7. As
the pH increases to 8, the color shifts to a lighter brown
with a yellowish color, becoming more pronouncedly

yellow at pH 9 and 10. At pH 11 and 12, the indicator

Development and characterization of smart indicator/] Food Safe & Hyg 2025; 11 (4): 395-406

turns a greenish-yellow, indicating a significant color

shift.

Figure 2. Color changes of smart indicator containing 8%
anthocyanin at various pH

3.3. Ammonia sensitivity of smart indicator

The ammonia sensitivity was measured using SRGB
analysis, revealing that the SRGB score of the
colorimetric films reached 11.45 + 0.8 % at 10 min and
steadily increased over the next 30 min. Sensitivity of
the colorimetric films to ammonia vapor markedly
increased over time (p<0.05), with color change
percentages reaching 10.25 £ 0.74 % at 30 min. This
color shift likely results from interactions involving
MGAs' phenolic hydroxyl groups, hydroxide ions,
hydrated ammonia, and phenolic oxygen anions. The
films' quick and clear color change from rosy brown to
olive green, shown in Fig. 3, highlights their potential

for intelligent packaging.
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Figure 3. Ammonia sensitivity assay of smart indicator containing
8% MGA

3.4. Characteristics of smart indicator

3.4.1. FTIR analysis

The FTIR spectra of Gel/CMC (Fig. 4A) and Gel/CMC
enhanced with MGA (Fig. 4B) shows broadly similar
absorption patterns dominated by the base polymer
matrix. Minor differences are observed due to
anthocyanin incorporation. In the O-H/N-H
stretching region (3000-3500 cm™?), Gel/CMC sample
exhibits a more intense broad band, whereas
MGA@Gel/CMC sample shows slight changes in
intensity and/or peak broadening, indicating
interactions between MGA and the Gel/CMC network
(20, 21). The 1600-1700 cm™ region (C=0O and N-H
related vibrations) and the 1200-1500 cm™ region (C-H
and O-H bending) show subtle variations consistent
with anthocyanin-polymer interactions (20, 21).
Notably, the bands at 1396, 1546, and 920 cm™ observed
in MGA@Gel/CMC are better interpreted as shifted
bands rather than newly formed peaks compared with
Gel/CMC (22). In contrast, MGA@Gel/CMC exhibits
truly new/appearing peaks at 2835, 1425, and 1739

cm™, which are attributed to anthocyanin-associated
vibrational modes. Additionally, the disappearance of
peaks at 810 and 2158 cm™ in MGA@Gel / CMC further
supports the change in vibrational environments upon
MGA integration (23, 24). Overall, FTIR confirms that
the base composition remains largely consistent, while
MGA introduction induces specific spectral changes
associated with molecular interactions and new

functional contributions.
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Figure 4. FTIR spectra of Gel/CMC sample (A) and
8%MGA@Gel/CMC sample (B).

3.4.2. SEM analysis

The SEM images depict the surface morphology of two
samples at a 10 pm scale (Fig. 5). Figure 5a, representing
the control sample (gelatin and carboxymethyl
cellulose), shows a relatively smooth surface with a

visible scratch or feature, suggesting minor surface

http://doi.org/10.18502/jfsh.v11i4.21686
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Table 1. Color properties of smart indicators applied for meat freshness monitoring

Time (h)
0 48
Indicators L a b L a b AE
8%MGA 20.3+1.12%a  21.3+0.47%2  10.0£0.814%®  46.3+.94B2  10.620.4782 11.6+1.24%@ 17.84+0.442
6%MGA 32.0£0.814b  18.6+1.24”°  12.3+0.47%2 41.620.47%° 8.0+0.81%2  10.6+0.94%@ 15.88+0.75°
4%MGA 46.620.47°¢  12.0£0.81Ac  8.3+1.24%>  34.3+0.94Bc  9.6+0.9482 7.3+0.47R° 3.45+0.30¢

Lowercase letters in the columns and uppercase letters in the rows indicate significant differences among treatment

irregularities or mechanical damage. Figure 5b, which
includes the addition of anthocyanin, displays a more
uniform and granular texture with small, scattered
particles, indicating the incorporation of anthocyanin
has altered the surface structure, possibly due to new
intermolecular interactions or particle distribution (22-
25). The differences suggest that anthocyanin enhances
surface complexity,

properties (26, 27). Both FTIR and SEM tests confirm a

which may influence other

good interaction between anthocyanin and the matrix,

suggesting its potential use as a smart indicator.

Figure 5. SEM image of Gel/ CMC sample (a) and
8% MGA@Gel/CMC sample (b).

3.5. Meat freshness monitoring

Fig. 6 shows meat samples packaged with a smart
indicator, monitored over 48 h to assess spoilage. To
accelerate product spoilage and quickly observe
indicator color changes, the samples were stored and
examined at room temperature. At first, the meat is

fresh, with the indicator displaying a red color, and

color parameters are L: 20.3, a: 21.3, b: 10 for smart
indicator containing 8% anthocyanin (Table 1), while
the meat's pH is approximately 5.8. After 48 h, the meat
is spoiled, with the indicator shifting to a yellowish
color, and color parameters change to L: 46.3, a: 10.6, b:
11.6, reflecting increased lightness (L) and reduced

redness (a), alongside a rise in yellowness (b).

Figure 6. Monitoring freshness of meat using smart indicator
containing 8% anthocyanin (a), 6% anthocyanin (b), 4% anthocyanin

©)-

4. Discussion

4.1. pH-responsive color change of anthocyanin
solution

Fig. 1 displays the color changes of MGA extract within
a pH range of 3 to 12. These changes occur due to
changes in the structure of anthocyanins at different pH
(28, 29). These variations highlight anthocyanin's pH-
sensitive nature, demonstrating its potential as a

natural pH indicator in a wide range, with distinct color

http:/ /jfsh.tums.ac.ir
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changes that could be utilized for applications such as
food quality monitoring or chemical sensing (30). The
pH-dependent color transitions observed for our
anthocyanin extract, shifting from reddish-brown at
pH 3 to greenish-yellow at pH 12, are consistent with
the known behavior of anthocyanins as natural pH
indicators. For instance, research by Alizadeh Sani et al.
on anthocyanins extracted from barberry demonstrated
similar color changes across a pH range of 1-14 (24).
Likewise, our study extends this observation to a
broader pH range and specifically correlates these
spectral shifts with the performance of the developed
indicator film.

4.2. pH-responsive color change of smart indicator

The color changes of a smart indicator containing
anthocyanin between pH of 3 to 12 has been illustrated
in Fig. 2. These changes demonstrate the pH-sensitive
nature of anthocyanin, making the indicator effective to
detect a wide range of pH values, which is valuable for
applications such as food spoilage monitoring or
environmental sensing (31, 32). Accordingly, smart
indicator exhibited distinct and visually discriminative
pH-dependent color changes, mirroring the solution’s
behavior but offering the advantage of a solid-state
format. Studies on anthocyanin-based indicators, such
as the work by Alizadeh Sani et al. using barberry
anthocyanin incorporated into
methylcellulose/chitosan  nanofiber films, have
reported color shifts from red to yellow in the alkaline
range (24). Similarly, our film shows a transition from
red to yellow in the spoilage-indicating range (pH 5.8-
8), the specific matrix (Gel/CMC) and the resulting

color transitions (reddish-brown to greenish-yellow

across the full pH range tested) offer a potentially
different visual output and stability profile.

4.3. Ammonia sensitivity of smart indicator

During muscle protein degradation, different volatile
compounds such as ammonia, amines, and sulfides are
generated. Among these, ammonia, a key volatile
nitrogen compound, significantly increases the pH in
muscle-based foods. Ammonia-sensitive films can
serve as intelligent packaging tools, effectively
monitoring the freshness or spoilage of protein-rich
food products. A study simulating food spoilage was
conducted to evaluate the fundamental gas-sensing
capability by observing color changes in MGA-based
indicator exposed to ammonia vapor (Fig. 3). This color
shift likely results from interactions involving MGAs'
phenolic hydroxyl groups, hydroxide ions, hydrated
ammonia, and phenolic oxygen anions. The observed
ammonia-responsive color change is consistent with
previous reports on anthocyanin-based intelligent
films. Alizadeh et al. reported similar sensitivity
toward ammonia in indicator films containing
anthocyanins extracted from barberry and saffron (19,
24), Eghbaljoo et al. also demonstrated comparable
ammonia-induced color changes in films based on
grape peel anthocyanins (23). Similarly, Riahi et al.
reported that gelatin/PVA films with red cabbage
anthocyanin@Cu-MOFs exhibited a marked color
transition from pink to green within 15 min of ammonia
exposure (33). These findings confirm that
anthocyanin-rich natural extracts are effective pH- and
ammonia-sensitive pigments for intelligent packaging

applications.

http:/ /doi.org/10.18502/jfsh.v11i4.21686
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4.4. Meat freshness monitoring

Fig. 6 shows meat samples packaged with a smart
indicator, monitored over 48 h to assess spoilage. The
meat's pH increases to 8, indicating spoilage due to
microbial activity and pH elevation. This color
alteration from red to yellow, correlated with pH
changes from 5.8 to 8, demonstrates the indicator's
effectiveness in visually tracking meat freshness over
time. The results are consistent with previous studies
on meat products (25, 34, 35). In practical application
tests, our smart indicator demonstrated a clear color
shift from red to yellow over 48 h when packaged with
meat, correlating with an increase in pH from 5.8 to 8,
indicative of spoilage. This is a significant advantage
over many lab-based pH measurements or indicators
that may not perform reliably under real food
packaging conditions. For example, research by
Alizadeh Sani et al. developed an anthocyanin-based
indicator for meat spoilage that showed similar color
changes (24). Our Gel/CMC matrix appeared to
provide a stable platform that effectively captures the
pH changes associated with meat spoilage, with
quantifiable color parameter variations further
validating its sensitivity and reliability.

5. Conclusion

The research successfully demonstrates that
anthocyanin-enhanced indicators function as an
effective smart indicator for meat spoilage detection.
The integration of anthocyanin, validated by FTIR and
SEM, enables a clear color transition from red to yellow
over 48 h, aligning with a pH rise from 5.8 to 8, which
indicates meat deterioration. The consistent color
parameter shifts confirm the indicator's reliability in

tracking freshness. This natural, pH-sensitive system

offers a promising, eco-friendly solution for real-time

food quality assessment, with potential applications in

smart packaging to enhance food safety and reduce

waste. While the developed smart indicator

demonstrates good sensitivity for monitoring ammonia

levels, future research should focus on optimizing its

stability under varying environmental conditions,

particularly concerning light-induced degradation,

moisture sensitivity, and the potential impact of

microbial growth on the indicator’s performance.

Funding

No funding was received by the authors for this work.

Authorship contribution

Reza  Abedi-Firoozjah ~ and  Farinaz = Esmi:

Conceptualization of idea, resources, visualization,

data curation, writing of original draft.

Arezou Khezerlou: Conceptualization, software, data

curation, formal analysis, validation, reviewing, and

editing.

Mahmood Alizadeh Sani: Methodology, supervision,

validation, data curation, review and editing.

Declaration of competing interest

The authors declare that they have no conflicts of

interest.

Data availability

Data will be available on request.

Acknowledgements

Not applicable

References

1. Wang C, Liu C. A pH-sensitive intelligent packaging film
harnessing anthocyanin for food freshness monitoring.
Food Bioproc Tech. 2024;17(12):5312-23.

2. Chen S, Li Z, Ren D, Wu X, Xu D. Improved sensitivity
of freshness indicator based on purple sweet potato

anthocyanins through pH optimization and its application

http:/ /jfsh.tums.ac.ir



10.

Abedi-Firoozjah R, et al. /] Food Safe & Hyg 2025; 11 (4): 395-406 404

in flesh food monitoring during logistics. Innov Food Sci

& Emerg Technolo. 2025;100:103929.

Zhai X, Xue Y, Sun Y, Ma X, Ban W, Marappan G, et al.
Colorimetric food freshness indicators for intelligent
packaging: Progress,
solutions. Foods. 2025;14(16):2813.

Bahramian B, Abedi-Firoozjah R, Ebrahimi A, Tavassoli
M, Ehsani

shortcomings, and promising

A, Naebe M. Resveratrol-biopolymer
materials: A sustainable approach to food packaging.
Trends Food Sci Technol. 2024;154:104761.

Bahramian B, Abedi-Firoozjah R, Kiani-Salmi N,
Ebrahimi A, Oladzadabbasabadi N, Moradiyan MH, et al.
Development of polycaprolactone-based electrospun
nanofiber incorporated lemon beebrush essential oil-
loaded metal-organic frameworks as a novel active food
packaging for meat Food Control.
2025;168:110981.

Abedi-Firoozjah R, Azimi-Salim S, Afrah A, Yekta R,

preservation.

Assadpour E, Azizi-Lalabadi M, et al. Freshness/spoilage
monitoring of protein-rich foods by betacyanin-loaded
gelatin/carboxymethyl cellulose halochromic labels.
Future Foods. 2024;10:100458.

Xu X, XiY, Weng Y. Gelatin-based materials: fabrication,
properties and applications in the food packaging system.
RSC adv. 2025;15(37):30605-21.

Kurhade RR, Shaikh MS, Nagulwar V, Kale MA.
Advancements in carboxymethyl cellulose (CMC)
modifications and their diverse biomedical applications:
a comprehensive review. Int J Polym  Biomater.
2025;74(11):1043-67.

Kong P, Rosnan SM, Enomae T. Carboxymethyl
cellulose—chitosan edible films for food packaging: A
review of recent advances. Carbohydr
2024;346:122612.

Sadi A, Ferfera-Harrar H. Cross-linked CMC/Gelatin

Polym.

bio-nanocomposite films with organoclay, red cabbage

anthocyanins and pistacia leaves extract as active

12.

13.

14.

15.

16.

17.

18.

intelligent food packaging: colorimetric pH indication,
antimicrobial/antioxidant properties, and shrimp spoilage

tests. Int J of Biol Macromol. 2023;242:124964.

. Chen H, Meng X, Zhang F, Chen J, Ding X, Jian T, et al.

Development of chitosan-carboxymethyl cellulose edible
films loaded with blackberry anthocyanins and tea
polyphenols and their application in beef preservation.
Food Hydrocoll. 2025;164:111198.

Eghbaljoo H, Alizadeh Sani M, Sani IK, Maragheh SM,
Sain DK, Jawhar ZH, et al. Development of smart
packaging  halochromic films embedded with
anthocyanin pigments; recent advances. Crit Rev Food
Sci. 2025;65(4):770-86.

Janseerat, Kolekar M, Reddy CS, Sharma S, Roy S.
Anthocyanin-based natural color induced intelligent food
packaging sensor: A review. Curr Food Sci Technol Rep.
2024;2(2):157-67.

Kamal RM, Kandiah M. Contributions of a weed;
Microwave assisted green synthesis of silver
nanoparticles using morning glory (I[pomoea spp.) for the
assessment of its antioxidant, antibacterial and
photocatalytic activity. 2023.

Wood JR, Muifioz-Rodriguez P, Williams BR, Scotland
RW. A

foundation = monograph  of

in the New World. PhytoKeys.

Ipomoea
(Convolvulaceae)
2020;143:1.
Sastry SK, Mandal B, Sano T, Hammond J. Ipomoea
purpurea (Common morning glory). Encyclopedia of
Plant Viruses and Viroids: Springer; 2019. p. 1271-2.
Abedi-Firoozjah R, Azimi-Salim S, Afrah A, Moradiyan
MH, Assadpour E, Sarlak Z, et al. Comparison of the pH-
and NH3-sensitivity of chitosan/polyvinyl alcohol smart
films containing anthocyanins or betacyanins for
monitoring fish freshness. Carbohydr Polym Technol
Appl. 2025;9:100639.

Tan S, Zhou C, Rao P, Tan H, Wang J. Antioxidant pH-
films CMC/SA/starch,

sensitive incorporating

http:/ /doi.org/10.18502/jfsh.v11i4.21686



405

19.

20.

21.

22.

23.

24.

25.

anthocyanins,
freshness of pork. Meat Sci. 2025;225:109808.
Alizadeh-Sani M, McClements DJ,

and tea polyphenols for monitoring
M, Tavassoli
Hamishehkar H. Multifunctional halochromic packaging
materials: Saffron petal anthocyanin loaded-chitosan
nanofiber/methyl cellulose matrices. Food Hydrocoll.
2021;111:106237.

Kaewprachu P, Romruen O, Jaisan C, Rawdkuen S,
Klunklin W. Smart colorimetric sensing films based on
carboxymethyl cellulose incorporated with a natural pH
indicator. Int J Biol Macromol. 2024;259:129156.

Pang S, Wang Y, Jia H, Hao R, Jan M, Li S, et al. The
properties of pH-responsive gelatin-based intelligent film
as affected by ultrasound power and purple cabbage
anthocyanin  dose. Int J Biol Macromol.
2023;230:123156.

Rashid A, Qayum A, Shah Bacha SA, Liang Q, Liu Y,
Kang L, et al. Novel pullulan-sodium alginate film
incorporated with anthocyanin-loaded casein-carboxy
methyl cellulose nanocomplex for real-time fish and
shrimp  freshness Food
2024;156:110356.

Eghbaljoo H, Esmaeili S, Jahed Khaniki G, Molaee-

monitoring. Hydrocol.

aghaee E, Shariatifar N, Sadighara P, et al. Smart
chitosan/k-carrageenan biopolymer film enriched with
grape peel anthocyanin/rutin nanoparticles for real-time
beef and chicken meat freshness monitoring. Int J Biolo
Macromol. 2026;338:149808.

Alizadeh-Sani M, Tavassoli M, Mohammadian E, Ehsani
A, Khaniki GJ, Priyadarshi R, et al. pH-responsive color
indicator films based on methylcellulose/chitosan
nanofiber and barberry anthocyanins for real-time
monitoring of meat freshness. Int J of Biol Macromol.
2021;166:741-50.

Dong Y, Wang M, Zhang Y, Wang P, Ge B, Gao S. Multi-
layered smart film based on anthocyanin-citric acid

complex for real-time meat freshness monitoring. Food

26.

27.

28.

29.

30.

31.

32.

33.

Development and characterization of smart indicator/] Food Safe & Hyg 2025; 11 (4): 395-406

Chem. 2025;493:146106.

El-Shall FN, Al-Shemy MT, Dawwam GE. Multifunction
smart nanocomposite film for food packaging based on
carboxymethyl cellulose/Kombucha
SCOBY /pomegranate anthocyanin pigment. Int J of Biol
Macromol. 2023;242:125101.

Shakouri M, Salami M, Lim L-T, Ekrami M,
Mohammadian M, Askari G, et al. Development of active
and intelligent colorimetric biopolymer indicator:
anthocyanin-loaded gelatin-basil seed gum films. J Food
Meas Charact. 2023;17(1):472-84.

Li L, Wang W, Zheng M, Sun J, Chen Z, Wang J, et al.
Nanocellulose-enhanced smart film for the accurate
monitoring of shrimp freshness via anthocyanin-induced
color changes. Carbohydr Polym. 2023;301:120352.

Wu Y, Li C. A double-layer smart film based on gellan
gum/modified anthocyanin and sodium carboxymethyl
cellulose/starch/Nisin for application in chicken breast.
Int J Biolo Macromol. 2023;232:123464.

Zhao L, Liu Y, Zhao L, Wang Y. Anthocyanin-based pH-
sensitive smart packaging films for monitoring food
freshness. J of Agric Food Res. 2022;9:100340.

Yi F, Hou F, Zhan S, Song L, Zhang R, Han X, et al.
Preparation, characterization and application of pH-
responsive smart film based on chitosan/zein and red
radish Biol
2023;253:127037.

Dong Y, Wang M, Zhang Y, Wang P, Ge B, Gao S. Multi-

anthocyanin. Int J Macromol.

layered smart film based on anthocyanin-citric acid
complex for real-time meat freshness monitoring. Food
Chem. 2025:146106.

Riahi Z, Khan A, Rhim J-W, Shin GH, Kim JT.
alcohol)-based  dual

Gelatin/poly(vinyl functional

composite  films integrated with metal-organic

frameworks and anthocyanin for active and intelligent
Biol

food packaging. Int J of Macromol.

2023;249:126040.

http:/ /jfsh.tums.ac.ir



Abedi-Firoozjah R, et al. /] Food Safe & Hyg 2025; 11 (4): 395-406

34.Li R, Wang S, Feng H, Zhuang D, Zhu J. An intelligent

35.

chitosan/gelatin film via improving the anthocyanin-
induced color recognition accuracy for beef sub-freshness
differentiation monitoring. Food Hydrocoll.
2024;146:109219.

Sadeghi SM, Firoozjah RA, Bahramian B, Jafari N,
Majnouni S, Hadavifar S, et al. Orange peel—derived
carbon dots and H. sabdariffa L. anthocyanin-integrated
gelatin and pectin pH-responsive films for detection of

meat freshness. Int J Biol Macromol. 2025;322:146915.

http:/ /doi.org/10.18502/jfsh.v11i4.21686

406



