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Abstract
Packaging no longer serves merely as a protector or wrapper for products, ~ Received June 25, 2025

but also functions to maintain quality, safety, and extend the shelf life of food ~ Accepted September 29, 2025
products. Especially for meat products, the demand for packaging systems Published October 9, 2025
capable of monitoring quality in real-time continues to grow. This is because
meat products are susceptible to damage due to contamination and
microbial oxidation. Therefore, intelligent packaging offers a solution by

integrating sensor and indicator technologies to detect changes in the Intelllgfent
. . . Packaging, Meat,
environment such as pH, temperature, and volatile compounds. This study )
. . .. . Indicator,
aims to examine trends, publications, and research developments in o
Application.

intelligent packaging for meat packaging from 2014 to 2024 using
bibliometric methods. Additionally, a systematic literature review method
was used to examine the application of various types of intelligent packaging
on meat. Data was collected from the Scopus database, which covers various
applications of intelligent packaging on meat products. The application of
intelligent packaging shows an increasing trend each year. The most
commonly applied technologies include pH indicators, gas sensors,
temperature-time indicators, and RFID. These technologies can be used to
monitor the freshness, temperature, and quality of meat. These findings
underscore that smart packaging is no longer merely a future innovation but
a strategic solution ready for adoption by the food industry to enhance the
safety, efficiency, and competitiveness of meat products in the global market.

In recent decades, packaging no longer only serves as a product protector, but has evolved
into an important part of maintaining food quality and safety. The food industry, especially
meat, faces major issues such as maintaining quality, microbiological safety, and very short
shelf life of products. This has led to an increased need for packaging systems that can provide
information about product quality. Intelligent packaging is an innovative solution that utilizes
digital technology, sensors, and indicators to monitor product conditions in real-time and
provide important information to manufacturers and consumers.

Intelligent packaging part of modern packaging that combines detection, tracking,
communication, and product quality monitoring functions during distribution and storage (1).
This technology is designed to respond to changes in the packaging environment, such as
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temperature, pH, oxygen levels, carbon dioxide, and other volatile compounds related to the
freshness of meat products. Color indicators, biosensors, and Time Temperature Indicators
(TTI) are some of the main components of this system. The advantages of intelligent
packaging lie not only in its ability to extend shelf life and detect contamination but also in
enhancing consumer confidence in the products they purchase (2), and supporting global
efforts to reduce food waste. Therefore, the application of intelligent packaging in meat is an
important strategy that can address the needs of modern consumers for safe, reliable, and
sustainable food.

Studies related to the implementation of smart packaging, which includes intelligent and
active packaging, have been conducted by Dirpan, et al., (2023), is a review of the application
of smart packaging consisting of intelligent and active packaging covering all types of
foodstuffs. In the context of meat packaging, intelligent packaging is very important because
meat is a product that is highly susceptible to microbial damage, oxidation, and enzymatic
autolysis (4,5). Technologies such as freshness indicators, time-temperature indicators (TTls),
and gas sensors have been applied to detect changes in meat quality during distribution and
storage (6-8). Previous studies have highlighted the potential and implementation of this
technology in meat packaging, for example by (9), who gave a presentation on the use of
biosensors and antimicrobial indicators in meat packaging. Similarly, (10) reviewed smart
packaging systems to extend the shelf life of meat products.

However, to date, there is no scientific review that specifically reviews the development
of intelligent packaging trends in meat objectively and holistically with a comprehensive
network analysis approach with a systematic review. Most studies discuss general aspects or
specific technical or applicative focuses, without looking at the dynamics of scientific
development as a whole, such as the distribution of topics, lead authors, most active
countries, and collaboration between researchers. This is important in the food sector, as
such mapping plays a role in understanding the direction of research, development
opportunities, and efforts in facing future challenges.

Therefore, this review aims to present a network analysis of trends and developments in
intelligent packaging research in meat packaging from 2014 to 2024. This study not only
presents publication statistics but also explores key keywords, countries, and topics with high
visibility, as well as the most productive and developing journals, as a basis for further
research development. In addition, it is also to present various types of intelligent packaging
applications in meat and the performance and weaknesses as intelligent packaging and
determine future research opportunities. The results of this review are expected to provide a
deeper understanding of the intelligent packaging research landscape in meat, and help
researchers, industry players, and policy makers identify directions and strategies for
developing packaging technologies that are more innovative, sustainable, and responsive to
global food safety challenges.

This study used network analysis and systematic review. The data used was extracted
from the Scopus database using the keywords “Smart packaging" OR "Intelligent Packaging"
AND beef OR meat, limiting the search to the article title, abstract and keywords and the
publication range from 2014-2024. Documents other than articles, reviews, and conference
papers were excluded.
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Formula Result
Title abs keyword 371

e  “Smart packaging" OR "Intelligent Packaging" AND beef OR meat
Years: 2014 - 2024 281

Document type:
e Article (201)
e Review (73)
e Conference paper (9)
e Language: English
e Data base: Scopus

This study uses a combined approach of Systematic Literature Review (SLR) and Network
Analysis, each of which is analyzed using the PRISMA (Preferred Reporting ltems for
Systematic Reviews and Meta-Analyses) framework and bibliometric methods. This approach
was chosen to provide a structured understanding to ensure transparency, completeness,
and accuracy in reporting research findings (11,12). In general, this approach provides an
understanding of the trends, innovations, and future prospects of intelligent packaging in
meat products in the past decade. All literature data was obtained from the Scopus database,
which is known for its wide coverage and credibility in the international scientific literature.
Data collection was conducted on March 11, 2025, at 13:11 WITA, using the PRISMA method
and bibliometric methods to ensure the integrity and accuracy of the publications analyzed.
This study not only highlights the dynamics of topic development based on qualitative and
guantitative analysis but also reveals the structure and relationships between keywords
through network visualization of countries, authors, keywords, and citations.

At the identification stage, the PRISMA method plays a role in systematically and
transparently screening various literatures, thus minimizing selection bias and ensuring the
coverage of relevant data (13—-15). he literature search process is performed using Boolean
queries: (TITLE-ABS-KEY (“Smart packaging” OR “Intelligent Packaging”) AND TITLE-ABS-KEY
(beef) OR TITLE-ABS-KEY (meat)), which is designed to cover relevant studies in the domain
of intelligent packaging in meat products. The term “intelligent packaging” was chosen to
collect data related to indicator- and sensor-based packaging technologies used in product
quality and safety monitoring, while “smart packaging” was chosen to add insight into
intelligent packaging that has been applied in smart packaging. Meanwhile, the keywords
‘beef’ and “meat” were used to cover specific research on beef as well as more general
research on various types of meat. This method was carefully designed to strike a balance
between specificity and breadth of data, thereby avoiding bias and the inclusion of irrelevant
studies while ensuring that only publications with a substantial focus on the application of
intelligent packaging in meat were included in further analysis

A rigorous literature selection and screening process is an important stage in systematic
literature review. The screening stage in systematic review is a crucial step to ensure that only
the most relevant, high-quality documents that meet the criteria are included in further
analysis (16). The initial identification process resulted in 371 documents from the Scopus
database. Further screening with inclusion criteria to filter publications is based on document
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type and language. Only documents categorized as articles, reviews, and conference papers
were considered, as these three types of publications have a methodologically sound
scientific structure (n = 293). In addition, language screening by including only English-
language documents (n = 281), ensures a common understanding of the content, uniformity
of analysis, and ensures the international relevance of the publications analyzed. Documents
that did not meet both criteria were eliminated and not analyzed further. Thus, a total of 281
documents were deemed eligible for in-depth analysis. Next, all selected documents were
processed in the bibliometric analysis stage using a network approach to identify keyword
trends, productivity, collaboration patterns, and research topic structure in the field of
intelligent packaging in meat products. This approach not only increases the credibility of the
review results, but also provides a strong basis for understanding the research concepts on
the topic of intelligent packaging that have developed systematically over the past decade.

The screening process continued in a second stage with a more in-depth selection based
on publication type to ensure that only relevant primary empirical studies that made a direct
contribution were included in the systematic review. In this process, documents classified as
conference papers and reviews (n=82) were excluded from the data set. These two types of
publications, while providing useful initial insights and theoretical discussions, generally do
not present the full extent of primary data. This is because they are not designed with a
rigorous experimental methodology, or do not include the in-depth analysis of results found
in original research journal articles (17). Therefore, they did not meet the inclusion standards
set for this stage of the systematic review. Only documents in the form of peer-reviewed
research articles were retained as they were considered to have higher methodological
clarity, data transparency and scientific validity. The results of this screening resulted in a total
of 201 documents out of the original 281 that were declared eligible for further processing in
the next stage, namely eligibility. This stage is an important basis to ensure that only
publications that are relevant, scientifically valid, and appropriate to the research context are
analyzed within the framework of this systematic literature review.

Inclusion and Exclusion Criteria
Inclusion criteria

1. Research focuses on the application of intelligent packaging on meat.

2. Research range 2014-2024

3. Research published with article documents, conference papers, reviews

4. This article is in the final publication stage

5. Using English
Exclusion Criteria

1. This research does not focus on the application of intelligent packaging to meat.
This research is not published within the time span of 2014 - 2024
This research is not published as a research article, conference paper, or review.
The article is not in the final publication stage

unkhwnN

The research is not written in English

At the Eligibility stage, 201 articles that had passed the previous screening process
were then examined in depth based on five predetermined eligibility criteria (Table 3). First,
each article was reviewed to ensure that the research objectives were clearly explained,
either through explicit statements such as “this study aims to...” or implicit forms that indicate
the direction and focus of the study explicitly. Second, the articles were analyzed to ensure
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that the discussion of Intelligent Packaging for meat products was explained in real terms, not
just prototypes or theoretical concepts, but had been actually implemented or tested. Third,
an assessment is made of the clarity of the research results and the adequacy of supporting
data, such as storage temperature, test duration, how the packaging indicators work, and also
the limitations of the packaging system studied. The fourth criterion relates to the availability
of the full version of the publication, i.e. whether the article can be accessed in its entirety
through a subscription to the relevant scientific institution or association, so that the content
of the methodology and analysis can be examined comprehensively. Finally, articles were
eliminated if they did not directly answer the formulation of the research question, for
example articles that discussed packaging in general without focusing on intelligent packaging
systems for meat products. After systematically applying these five criteria, 158 articles were
eliminated because they did not meet one or more requirements. As a result, only 43 articles
met full eligibility and were then included in the fourth stage or included, which is the main
basis for conducting systematic analysis in this study.

Quality Criteria

1. Theresearch objectives are clearly stated.

2. The research is clearly applied to meat and not just a prototype.

3. The temperature, duration, packaging method (including indicator results), and results are clearly
described.

4. The author identifies the limitations or weaknesses of the research and provides suggestions for
further research.

5. The full version of the publication is available through subscriptions to relevant institutions or
associations

Network analysis is a systematic research approach that analyses scientific publications,
particularly journal articles, using quantitative techniques and metric analysis with
bibliometric methods. The purpose of this analysis is to understand and identify trends,
developments, and the impact of research in a particular field. It also tracks the influence of
articles or authors involved in the research and estimates future research developments (18—
20). Bibliometric analysis is conducted using metrics such as the number of publications, the
number of citations, and the h-index. The number of citations reflects how often a writer's
work is cited by other writers, while the h-index measures the number of publications and
the number of citations received by that work (18). Bibliometric analysis provides important
insights for researchers, policy makers, and those involved in the development of a field of
science (21). The data obtained were analyzed using Open Refine and VOS viewer (v.1.6.20),
while visualization and statistical analysis were performed with Tableau and R-Studio. All data
were then exported using Microsoft Office.

The network analysis stage is carried out using bibliometric methods to identify the
structure, dynamics, and conceptual relationships in research on intelligent packaging for
meat products, especially beef and meat. Based on figure 1, a total of 281 documents from
the Scopus base were obtained, which have been obtained in the initial stage used in this
analysis to answer research questions such as publication trends, the most productive
journals and countries and topics that have developed over the past decade. The network
analysis process began with filtering and standardizing bibliographic data using Open Refine
to ensure consistency in author names, affiliations, and keywords. Next, VOS viewer (ver.
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1.6.20) was used to construct and visualize bibliometric networks such as co-authorship,
keyword co-occurrence, and citation mapping. To enrich visual understanding and statistical
exploration, the processed data is further analysed using Tableau and R-Studio, enabling
interactive visualization and in-depth quantitative analysis of patterns in the data. All results
and graphs from this process are exported and compiled using Microsoft Office for reporting
and finalizing the results. This approach provides a strong foundation for evaluating the
scientific concepts of this topic, as well as identifying current and emerging research
directions in the field of intelligent packaging for meat.

Systematic review analysis is a systematic method used to collect data with explicit
methods to answer research questions based on previous research. Systematic review
analysis consists of several stages, which include comprehensively searching the literature,
developing research results, evaluating the quantity and quality of evidence, and analyzing to
determine the conclusion of the research question. Thus, this method can review articles and
all available evidence, reduce bias, and produce reliable results (3,22,23).

Keywords : “Smart Packaging” OR

“Intelligent Packaging” AND Beef OR

Meat -3 No duplications records
Records Indentified from Scopus :

{n=371)

Record excluded :

Year : Other than 2014-2024 (n=49)
Document type : Book chapter, Book,
Erratum, Data paper, Conference review

o Recc;;df;;::ned 3 (n=29)
c * Language : Chinese, Persian, Polish (n=12)
] + Total Document = 281
Q
@ ‘|' For Bibliometric Analysis
(%)
m .

Reports sought for retrieval Record excluded :

(n = 281) —> . Document type : Review and Conference
Paper (n=80)

}

Reports sought for retrieval Record excluded :
(n=201) > . Basedon suitability of title and abstract

l (n=96)

Reports excluded :
=3 ¢ The results of this study are not in line with
the Criteria for review quality (n=62)

Eligibility

Reports assessed for eligibility
(n=105)

Studies included in review
(n=43)

For Systematic Review
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As many contributions and benefits as this research can provide, its limitations suggest
that more sophisticated methods can be used in future research. This is because this review
may not cover all relevant publications as the search results were limited to titles, keywords
and abstracts. As a result, the completeness of the data used is limited due to the limited
number of relevant publications obtained. Also, since the bibliographic analysis only uses
guantitative methods, it may be difficult to understand the content and quality of the
publications. Although the tools and technologies used in this study have been scientifically
validated, there are concerns about the depth and accuracy of the results due to the lack of
qualitative analysis. Thus it is necessary to expand the analysis by including more relevant
keywords and adding qualitative analysis in it.

The results of the analysis can be seen in figure 2 which shows a significant increase
from 2014 to 2024. This can be seen from the number of available documents, such as
reviews, articles and conference papers that show the development of this research. The
increasing number of publications on smart packaging, especially intelligent packaging, is
influenced by its unique ability to monitor the condition of the packaged product while
maintaining quality and extending the product's shelf life. This capability is the main
attraction of intelligent packaging compared to conventional packaging, thereby attracting
the attention of researchers. Additionally, intelligent packaging offers business opportunities
in the era of digitalization and is thus well-suited to the broader realm of Industry 4.0. (7,24).
This review uses the search year between 2014 and 2024, with the acquisition of 283
documents, consisting of 201 articles, 73 reviews, and 9 conference papers. Based on the
results of the analysis, the type of document with the smallest publication is conference
papers where the majority of research article types are publications in the field of intelligent
packaging published in various journals. The high difference in the number of article
publications can be influenced by the publication of articles that have more potential in
improving reputation. This is because research articles tend to be cited because they provide
primary data that has the potential to increase researchers’ h-index (25). In addition, many
reputable journals publish research articles rather than review articles because they offer
empirical data that can be retested and validated. Article publication is therefore more
desirable to researchers as it potentially paves the way for other opportunities such as
research and collaboration.

Indicators for determining research standards and trends in the field are based on the
most cited and most prolific journals with discussions on intelligent packaging research. These
journals will also help in scientific analysis and research. The number of citations in a journal
is usually influenced by its quality, popularity and novelty. In addition, the number of citations
in publications also allows for increased collaboration activities between researchers. (26,27).
Other indicators, such as h-index and quartile values, can also be used to measure the
journal's influence on the scientific community in the development of a topic. However, this
is only one of the important factors in evaluating the quality of a journal, many other factors
can also influence it. Table 4 shows the most productive and most cited journals on the
intelligent theme, along with their h-index and quartile values. The documents published in
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the period 2014-2024 totaled 283 documents and consisted of about 107 different
publication sources involved in the publication. Based on table 4, it can be seen that there are
about 10 journals that are most productive in publishing documents that discuss intelligent
packaging on meat, which is seen from the number of published documents, h-index, quartile
value and number of citations.

100
80
c y = 2.75580-2918
2 60 R?=0.9748
S
o 40
=)
a
20
o CEmpEE=y——td S Y. —
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
mmmm Total Publications @== Article
Review Conference
Expon. (Total Publications)
Sources TP? Publisher h_index® Q TC¢
International Journal Of
Biological 32 Elsevier B.V. 191 1 163
Macromolecules
Food Chemistry 29 Elsevier Ltd 324 1 98
Food Packaging and .
Shelf Life 15 Elsevier B.V 89 1 8
Multidisciplinary Digital
Foods 12 Publishing Institute 123 1 11
(MDPI)
Food Hydrocolloid 8 Elsevier B.V. 235 1 38
Food Bioscience 8 Elsevier Ltd 77 1 26
S d Actuators B:
ensors and Actuators &5 Elsevier B.V. 248 1 8
Chemical
Trends in Food Sci .
rends in Food >cience 6 Elsevier Ltd 271 1 11
and Technology
Meat Science 6 Elsevier Ltd 205 1 0
LWT 6 Academic Press 187 1 3

Based on the data obtained, it can be seen that the International Journal of Biological
Macromolecules is the most dominant journal for the number of publications (32
documents), followed by Food Chemistry, and with a total of 29 published documents. The
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scope of research that focuses on biological macromolecules is the possibility of the high
number of publications in the International Journal of Biological Macromolecules. Biological
macromolecules are organic materials commonly used in the production of sustainable
intelligent packaging (3,28). This allows the high publication of these journals related to the
field of intelligent packaging. Based on the number of citations in 2024, International Journal
of Biological Macromolecules is also the journal with the highest citation value (163 citations
with 21 documents). The most cited document is a review entitled “Stretchable, antifatigue,
and intelligent nanocellulose hydrogel colorimetric film for real-time visual detection of beef
freshness” which received 20 citations. The journal with the second highest number of
citations is Food Chemistry (98 citations). The document with the highest number of citations
in this journal is the article entitled “A ratiometric fluorescence amine sensor based on carbon
guantum dot-loaded electrospun polyvinylidene fluoride film for visual monitoring of food
freshness”, with 28 citations.

Based on the number of citations data, it can be seen that topics that discuss
intelligent packaging on meat are being widely cited at this time. The rise of food loss cases
in meat, which reached 23% due to the process of distribution, service, and consumption of
food (29). This encourages packaging researchers to develop intelligent packaging to monitor
meat quality, so the topic increases every year. In addition, the title with the keywords “real-
time monitoring capability, visual detection, colorimetric film and ratiometric fluorescence
sensor and meat freshness” is an innovative, applicable, descriptive and informative topic
that is easy to find. The topic is interesting because it is in line with supporting the global
demand for meat safety and quality so that real-time monitoring and the development of
mini, cheap and responsive sensors are needed (7,30,31). In addition, this topic is also closely
related to efforts to reduce the number of food waste and food lose. Where the intelligent
packaging system is in line with the concept of Smart Supply Chain and Industry 4.0. This is
because the concept supports monitoring technology, distribution optimization, and
prevention of quality loss in meat products, so researchers are interested in developing a
digitalization system for packaging (32). As for other results when viewed as a whole, the
journal with the most citations comes from article documents. This shows that on the topic
of discussing the application of intelligent packaging in meat, researchers are more likely to
cite article documents rather than review results or conference papers. This is because
research articles are obtained from scientific research and have been rigorously reviewed. In
addition, articles from top journals are considered more weighty so they are widely cited (33).

Co-occurrence network of author keyword analysis is an analytical method in visualizing
the frequency of relationships between keywords that appear. This method is used to identify
the repetition of keywords or the most used by authors who discuss the same topic in a
journal or article with other keywords (34,35). The principle of this analysis is that keywords
that frequently appear together will be connected to each other in a network. The network is
then further analysed to understand the relationship between the keywords (36,37).

The visualization of the relationship between keywords in a network makes it easier for
researchers to identify the most relevant, least used and most closely related keywords to
the topic being discussed. In addition, this method allows researchers to understand the topic
more comprehensively (36). The co-occurrence network analysis of author keywords (Fig. 3a
and 3b) was visualized using VOS viewer software with the keywords “Smart packaging” OR
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“Intelligent Packaging” AND beef OR Meat. The minimum number of keyword occurrences
was set at 5, and among the 764 keywords, 35 met the threshold, and the total link strength
was 410. The number of keywords to be selected is 35 starting from 2014-2024. The co-
occurrence network images based on the keywords of the authors of intelligent packaging
articles from 2014 to 2024 are presented in Fig. 3a and b.

inteliigeggggckaging .l v ntelligeqtipackaging
smar@atkagi 3 -

Baosing

Co-occurrence network analysis of the author's keywords shown in Figure 3a was
performed to assess the degree of association between items grouped under the topic
“intelligent packaging for meat.” The formed network consists of 35 items and is divided into
6 clusters displayed with different colors in Figure 3a: cluster 1 (red), cluster 2 (green), cluster
3 (blue), cluster 4 (yellow), cluster 5 (purple), cluster 6 (cyan). Each cluster shows the
relationship between keywords in a publication. The color of the circle shows the relationship
between keywords in one cluster. While the size of the circle in the cluster shows the number
of publications that use the keyword. Where the bigger the circle, the more publications that
use it.

Based on Figure 3a, the most dominant cluster is cluster 3 (blue), which consists of 6 items
with a total of 180 occurrences and focuses on the field of intelligent packaging. In the co-
occurrence network analysis of author keywords, intelligent packaging shows relationships
with several other clusters, including cluster 2 (green) with 8 items and 119 occurrences
focusing on the field of intelligent packaging; cluster 4 (yellow) with 6 items and 54
occurrences focusing on the field of anthocyanins. In addition, cluster 1 (red) with 10 items
and 90 occurrences focuses on the field of freshness, cluster 5 (purple) with 3 items and 36
occurrences focuses on the field of food packaging, and cluster 6 (cyan) with 2 items and 17
occurrences focuses on the field of packaging. Based on this, it can be seen that the cluster
formed has a role in developing more innovative and sustainable intelligent packaging
technology to maintain the quality and safety of meat products. When viewed through the
visualization of keyword relationships based on time evolution, the results of bibliometric
analysis research on intelligent packaging in meat also show some future research
opportunities. Based on the legend that arises, keywords marked with purple columns are
keywords that have been widely used in previous research. While the words displayed in the
yellow column are new terms that are currently being focused on by researchers, have the
potential to be further developed to be combined with other keywords to create novelty in
the field of packaging.
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The number of publications published by a country can represent how productive and
how many researchers are studying a research field with a certain topic. In Fig. 4, it can be
seen that there are 57 countries that have participated in research on intelligent packaging.
China has the highest number of publications (101) in this field, followed by Iran (37), United

State (24), India (23), and Brazil (20), as well as Indonesia (14) and other countries.
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Country Total Publication Total Citation Total Link Strength
China 101 4,584 52
United State 24 2,107 28
Iran 37 1,796 20
South Korea 13 1,788 6
India 23 1,352 18
Spain 18 1,234 34
United Kingdom 10 1,099 10
Brazil 20 1,099 15
Australia 8 1,083 10
Canada 9 1,078 8
Thailand 9 588 6
Turkey 14 426 24
Ireland 12 372 25
Indonesia 14 279 2
Singapore 1 222 2

Based on this data, it appears that China is the most productive country in terms of
publications and research on intelligent packaging for meat. China's status as a developed
country, its large population, and strong government support for technological advancement
are factors that contribute to China's high productivity in this field. Additionally, the
abundance of natural and human resources drives research and development in intelligent
packaging technology. This is evidenced by China's significant market interest of 56% in
intelligent packaging technology (38,39). In addition to the number of publications produced
by each country, the citation rate of each country's articles is also an important factor in
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analyzing and evaluating the quality of the articles and their role in the progress of research
on intelligent packaging. The productivity level of each country is taken based on the 15
countries with the highest number of citations (Table 5). Based on the data, it can be seen
that China is the most productive country with a total of 4,584 citations, followed by the
United State with 2,107 citations, then Iran with 1,796 citations. This shows that publications
from these countries have a significant influence on the development of intelligent packaging
for meat research.

Intelligent packaging for meat continues to evolve through the use of various indicators
and sensors that can monitor meat freshness in real time. One innovation in intelligent
packaging is the use of natural anthocyanin compounds as pH indicators to detect volatile
compounds such as ammonia and trimethylamine that form during the meat spoilage
process. For example, the use of blackcurrant anthocyanins results in a color change from
pink to yellow in response to increased pH, effectively detecting the freshness of beef at
various storage temperatures, as can be seen in table 6 (40). Furthermore, other natural
materials such as Rosa canina petal extract and telang flower extract have been shown to
effectively indicate clear color changes during storage, although they still have limitations in
terms of reversibility and sensitivity to high humidity (41,42).

Another important innovation is the combination of nanomaterials and fluorescence
sensors such as carbon quantum dots (CQD) and silicon quantum dots (SiQD), which are
capable of detecting decay gases more accurately. For example, SiQD and AgNC (silver
nanoclusters) are used as gas sensors to detect hydrogen sulfide (H,S) and methyl mercaptan
(CHsSH) through colorimetric changes that can be measured visually (43). In terms of
temperature and storage time, the Time-Temperature Indicator (TTI) approach is also starting
to be implemented, such as the use of a eutectic mixture of soybean and tetradecane to keep
the packaging temperature stable below the temperature threshold for fresh meat (44).

The latest trends also point toward the integration of digital technology, such as the use
of UHF RFID tags that can detect changes in temperature and meat hardness during thawing
through RSSI (Received Signal Strength Indicator) values, which demonstrate the potential for
digital connectivity in the cold chain (45). However, this technology is still largely confined to
laboratories and faces technical issues such as indicator sensitivity, sensor irreversibility, and
high production costs. Therefore, future innovations should focus on environmentally friendly
materials, indicator sensitivity, and comprehensive integration of smart technology into
supply chain systems.

Intelligent packaging applications for meat have been developed, such as pH indicators,
time-temperature indicators (TTl), gas sensors, and RFID (Table 6). These packages can be
integrated directly into the packaging to monitor meat quality in real time. The pH indicator
changes in response to pH changes caused by spoilage occurring in the meat, while the gas
sensor detects the accumulation of volatile compounds such as ammonia or H,S as early signs
of spoilage. With this application, consumers and producers can identify meat quality without
opening the packaging, improving food safety, reducing waste, and strengthening trust in a
more transparent and efficient supply chain. A schematic overview of the intelligent
indicators on meat packaging before and after spoilage can be seen in Fig. 5.
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Type of Meat

Storage
Temperature

Intelligent
Materials/Components

Intelligent Packaging

Principle

How the Packaging Works

Weakness

Reference

Angus Beef

4°C (8 days)

Composite Anthocyanin
Microcapsule (CAM)

pH indicator

Volatile amines increase pH -
anthocyanin structure changes -
color changes

Day 0 (pink) = fresh meat.
Day 4 (purple ash) = less fresh
Day 7 (green) = spoiled

At CAM
aggregation
structure
decreased
(cracks).

concentrations  >15%
increases > film
decreases resulting in
mechanical  strength

(46)

Beef

4°C (6 days)

Silicon Quantum Dots (SiQD)
Silver Nanoclusters (AgNC)

Gas indicator

Ratio metric fluorescent sensors are
sensitive to H,S and CH3SH.

AgNC emits red light

blue-green SiQD.

X

When H,S/CHsSH decay is present, it
forms Ag-S bonds - inhibits AgNC
fluorescence - SiQD becomes more
dominant - the reddish purple color
changes from being Cyan.

The sensor is irreversible

(43)

Beef

4 £ 1°C (6 days)

Anthocyanin - Rosa Canina
petal Extract (RCE 3.5%)

pH indicators

Color changes due to the reaction of
anthocyanins to pH changes of
volatile amine compounds (ammonia)
during spoilage.

White (fresh)
Dark blue (spoiled)

The sensor is irreversible

(41)

Beef

4°C(10 days)
25°C (48 hour)
35°C (24 hour)

Anthocyanin -Blackcurrant
(BC)

pH indicator

Anthocyanins change color based on
changes in pH and the presence of
volatile ammonia produced when
meat begins to spoil.

(pink = black - yellow)

Color change during spoilage:
4°C (9-10 days)

25°C (24-48 hours)

35°C (18-24 hours)

e The sensor is irreversible.
e High BC concentrations (0.24-0.32
g) are less sensitive

(40)
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Type of Meat Storage Intelligent Intelligent Packaging How the Packaging Works Weakness Reference
Temperature Materials/Components Principle
Beef 1+0.5°C -Eutectic mixture of soybean Time-Temperature TRM packaging to absorb and release e TRM has low thermal conductivity (44)
(8days) oil and tetradecane (S+T) : Indicator (TTI) heat to maintain a stable temperature without EG
Thermo-Regulating (<7°C) for 2-3 hours. Sensors will e Insulation layer (RH) is prone to
Exposure to Material (TRM). record temperature data and monitor cracking
temperature -Expanded Graphite (EG) temperature conditions below the
(23°C) for 2-3 -Rice Husk (RH) threshold.
hours/day for -TRM commercial (G-pack)
fluctuation 8 days storage of fresh meat
e Beef 4°C (7 days) based Carbon Quantum Dots Freshness Indicator Ratio metric measure the color e Sensitivity is reduced in high-fat (47)
(tenderloin) (CQD) in PVDF matrix (fluorescence-based) change of fluorescent (F495/F550) to products, due to fatty acid
e Pork volatile amine (TMA). The higher the interference.
(tenderloin) amine, the greater the color change. e CQD/PVDF is less stable in high
e Shrimp humidity (CQD diffusion).
e Salmon (Greenish Yellow - Blue)
Beef 4 + 1°C (21 Bromothymol Blue (BTB) dan pH sensing indicator BTB + PR will respond to pH changes Paper-based packaging is less (48)
(Tenderloin) days) Phenol Red (PR) due to ammonia formation. (Dark resistant to high humidity.
yellow - Reddish yellow)
Beef Tenderloin  4°C (6 days) Fluorescein isothiocyanate Gas Indicator FITC will experience an increase in The sensitivity of the indicator (49)
Pork Tenderloin (FITC) intensity (green fluorescence) when decreases at high humidity (90% RH)
red carbon quantum dots (R- reacting with trimethylamine (TMA), because the reaction rate slows
cQD) while R-CQD remains constant. down.
(Red - Orange - Brown)
Chanos chanos 28 +2°C(8 -Bromocresol purple (BCP) pH indicator The color of the indicator changes as  Potential for false negatives if (50)
hour) -Bromothymol blue (BTB) the pH rises due to volatile base packagingis open/damaged
compounds  (TVBN) from fish
4 +£0.2°C(7hou spoilage.
r) BCP:

Day 0 / Hour 0: Yellow (fresh)
Day 4 / Hour 4: Pink (semi-fresh)
Day 7 / Hour 8: Purple (spoiled)

BTB:

Day 0 / Hour 0: Orange

Day 4 / Hour 4: Yellowish green
Day 7 / Hour 8: Bluish green
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Type of Meat Storage Intelligent Intelligent Packaging How the Packaging Works Weakness Reference
Temperature Materials/Components Principle
Chicken breast 4+05°C Bromothymol blue (BTB) pH indicator The BTB indicator shows a three-stage Indicator PR is less effective, because (51)
(10days) Phenol red (PR) color change: the color change is not clear.
Days 0-2: Dark blue (fresh)
Days 2-4: Turquoise (still viable)
Days = 6: Green (stale)
Chicken breast 4 °C (8 days) Curcumin - Curcuma longa pH indicator The film responds to changes in pH Discoloration is less effective for early (52)
and ammonia vapor (TVB-N) formed detection (days 1-3)
due to spoilage.
(Bright yellow - Orange red)
Chicken breast 4+0.2°C Methyl Red (MR) pH indicator Volatile amines from spoiled meat Thesensor cannot be in direct contact (53)
fillet (15days) Bromocresol Purple (BCP) raise the pH inside the package -  with the meat.
cause a color change in the MR (pink
- yellow) and BCP (yellow = purple)
indicators.
Chicken fillet 4°C (7 days) Haematoxylin pH indicator The film detects the pH of chicken The presence of Chitosan hydrophilic (54)
meat through changes caused by groups can increase water absorption
volatile compounds produced during (swelling index).
spoilage.
(light purple - dark red)
Chicken meat 30 + 2°C (6 Anthocyanin - Banana flower pH-sensing indicator Changes in meat pH due to spoilage Color is less stable at pH 8-10 (55)
hour) petal (BBA), PVA, glycerol, will be responded by the pH-sensitive
dan modified banana starch film of anthocyanin (BBA)
(BMS) (Pink - yellowish green).
Chicken meat 4°C (32 hour) Anthocyanin- (Butterfly Pea pH indicator Film color changes as pH increases Addition of BPE >3% decreased the (42)
Flower Extract) BPE due to spoilage tensile strength of the film.
(bluish red - purple - yellowish Anthocyanin sensitivity was reduced
green) after 16 hours.
Chicken meat 25°C (3 days) Quercetin (QUE)/Eucalyptus pH indicator CG-QUEOD.3 and CG-ELE0.3 films The quality of ELE indicators is (56)

Leaf Extract (ELE)

changed color in response to pH
changes due to the interaction of
volatile nitrogen compounds (TVB-N)
which increased during spoilage.

The color of the film changed:
(QUE: red - orange)
(ELE: green - yellow).

influenced by plant variety and
extraction method.
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Type of Meat Storage Intelligent Intelligent Packaging How the Packaging Works Weakness Reference
Temperature Materials/Components Principle
Chicken breast 4°C (12 days) Whatman paper that has pH indicator. Phenol Red will change color as the There has been no testing of the (57)
meat boiler been coated with Phenol Red pH increases due to meat spoilage. effect of humidity and light intensity
(PR) on the accuracy of the indicator.
(Yellow - Red)
Frozen meat -13°C = tested UHF RFID Tag EL-U8-9424-W RFID-RSSI RFID-based sensing (Radiofrequency Only detects quality based on (45)
during thawing Identification tag): uses changes in temperature and hardness changes.
for 20 minutes  RFID Reader Electron HW- RSSI value due to changes in meat
atroom VY06K temperature & hardness.
temperature
25-30°C. RSSI (Received Signal RSSI value = -46 to -62dBm
Strength Indicator) Temperature =-13 to 40C
Hardness = ~80 - ~20 HA
Ground beef 4°C (9 days) Anthocyanin pH indicator Ammonia & amine compounds Not completely reversible (Return to (58)
Ixiolirion Tataricum (ITA) produced by spoilage raise the pH - original color after exposure to
anthocyanin structure changes - ammonia).
Fresh (red)
Medium (purple-blue)
Rotten (green)
Lamb 25°C (72 hour)  Barberry anthocyanin (BA) Gas indicators The response of the indicator film to The addition of BA decreased the (59)
Methylcellulose (MC) ammonia gas that is formed during mechanical properties  (Tensile
Chitosan nanofiber (ChNF) the decay process results in a color strength and Elastic modulus).
change.
(Pink = Yellow)
Mutton 4°C (10days) Anthocyanin Lyceum pH indicator Basic volatile compounds (such as higher ALR concentration (7%) (60)
ruthenium (ALR) NHs and amines) from meat spoilage decreased the flexibility level of the
raise pH -> cause changes in film
anthocyanin structure - change in
film color (halochromic)
(Red - Purple - Blue > Yellow)
Minced beef 4 + 1°C  Anthocyanin - Prunus pH-sensing indicator. Discoloration of KC-PVA electro spun  High production cost, >50% of total (61)
(15days) Domestica Extract (PDE) Gas indicator. fibers due to changes in pH and gases  packaging cost.

produced by meat spoilage (TVB-N
and ammonia)
(White = Purplish > Red = Brown)
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Type of Meat Storage Intelligent Intelligent Packaging How the Packaging Works Weakness Reference
Temperature Materials/Components Principle
Minced beef 4°C (14 days) Carboxymethyl Cellulose pH indicator Freshness indicator based on color Irreversible (62)
(CMCQ) change due toincrease in pH and TVB-
N during storage.
(Pink = Purple)
Minced beef 4°C (7days) Grape anthocyanins (GA) pH indicator Film response to pH increase due to  Anincrease in water solubility of up to (63)
the formation of volatile compounds 24.17% has the potential for
resulting in color change. anthocyanin leaching.
Pink (day 1)
Purple (days 3-5)
Blue (day 7)
e Minced beef. 4°C Anthocyanin - Malva pH indicator Protein products produce volatile Indicator performance is less than (64)
e Minced beef  Sylvestri flower extract basic compounds as they decompose optimal on minced meat & chicken
e Chicken and chicken - raise the pH inside the package - fillet. The indicator is not able to
breast fillet. fillet (10 trigger anthocyanin discoloration of distinguish the medium fresh stage
days) the film. clearly.
e SHrimp. (purple = blue - green)
e Shrimp
(6 days) Shrimp:
- Day O: Purple
- Day 2: Blue
- Day 4: Green-blue
- Day 6: Bright green
Minced meat:
- Day 0-6: stable color
- Day 8: Blue
- Day 10: Green
Chicken fillet:
- Day 0-6: stable
- Day 10: Green
Minced Pork 4°C (12 days) Bromothymol Blue (BTB) as pH indicator BTB absorbs ammonia vapor and Sensitivity reduced at high RH (98%) (65)

pH-sensitive.

Alginate-methylcellulose
hydrogel as a sensor matrix
that absorbs ammonia vapor

allows an acid-base reaction to occur
resulting in a color change on day 2.

Day 2 : Orange-yellow
Day 6 : Bright yellow
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Type of Meat Storage Intelligent Intelligent Packaging How the Packaging Works Weakness Reference
Temperature Materials/Components Principle
Pork 25°C (48 hour)  Anthocyanin-Purple Sweet pH Indicator Anthocyanins respond to pH changes There is no explanation of the effect (66)
Potato Extract (PSPE) due to the spoilage process. of high humidity.
Red (0-12h)
pink (12-20h)
Dark green (48h)
Pork 25°C Purple Sweet Potato pH sensing indicator The color of the film changes e Label changes are less obvious (67)
Anthocyanins — (PSPAs) according to the pH stimulus arising during spoilage.
from meat spoilage e Not tested under cold chain
(Brown to light green) conditions
The released eugenol will gradually
inhibit  microbial growth and
oxidation.
Pork 4°C (12 days) Black Rice Bran Anthocyanin pH indicator The color film indicator changes as Increasing BRBA increases the water (68)
(BRBA) the pH increases due to the vapor permeability (WVP) value so
decomposition of proteins that thatthe structure becomes looser.
produce volatile basic compounds
during the spoilage process.
(red > purple = greenish - yellow)

Pork 4°C (9 days) Anthocyanin- Blueberry pH Indicator Detects color changes with RGB Addition of MSNs in an orderly (69)
format due to the reaction between arrangement between zein and
anthocyanins and pH changes due to  blueberry extracts and increased film
spoilage, which can be monitored fragility.
from a mobile phone.

Yellow (Fresh)
Brown (Rotten)
Pork 25°C (96 hour)  Alizarin (AL) pH indicator Alizarin changes color accordingtopH The addition of PD-VA coating (70)

due to ammonia volatile compounds
from meat spoilage:

Yellow (fresh)
Pink (medium)
Purple (spoiled)

resulted in low tensile strength (TS)
(0.23 MPa).
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Type of Meat Storage Intelligent Intelligent Packaging How the Packaging Works Weakness Reference
Temperature Materials/Components Principle
Pork 4°C (6 days) Roselle Anthocyanins (RS) pH Indicator The film shows discoloration due to The addition of CEO material to the (71)
the increase in pH and TVB-N value film is relatively more expensive.
during storage.
Pink (fresh)
Blue (spoiled)
Pork 25 °C (3 days) Anthocyanin -  Bilberry pH indicator Anthocyanins in  BE undergo e The change is less obvious at (72)
4°C (12 days) Extract (BE) structural and color changes due to neutral pH.
pH changes caused by spoilage.
Temperature 25°C:
- Day 0: Brown
- Day 3: Brownish green (spoilage)
Temperature 4 °C:
- Days 0-6: Brown
- Day 6-12: Brownish green
Pork 4°C (10 days) Purple Sweet Potato pH indicator Film-based pH-sensitive colorimetric e Less obvious indicator color change (73)
Anthocyanin (PSPA) film that responds to changes in pH at transition stage.
and ammonia that occur during e Dependence on low temperature
spoilage. for optimal performance
Pink (fresh)
Light brown (spoilage)
Brownish green (spoilage).
Pork 4°C (148 hour) Phospholipase Al: enzyme Time-Temperature Enzymatic-based Time-Temperature Not yet tested under transportation (74)
15°C (47 hour)  for hydrolysis reactions Indicator (TTI) Indicator (TTI): enzymes trigger the conditions
25 °C (20 hour) hydrolysis of lecithin, which lowers
PVA microspheres: support the pH and then affects the BVB
for enzyme immobilization indicator so that it changes color as
time and temperature increase.
BVB (pH indicator) -Dark blue (fresh)
Bluish-green
-Pale yellow (spoiled)
Pork - Fresh, 20°C(70hour) Anthocyanin (ACNs) - pH-sensing indicator Changes in pH due to meat spoilage The addition of Sodium alginate (SA), (75)

lean hamstrings

4°C (10 days)

Blueberry

cause changes in the structure of
ACNs, so that the film changes color.

(Red = Blue).

which is hydrophilic, can dissolve
ACNs when the meat secretes liquid,
thus reducing the effectiveness of the
indicator.
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Type of Meat Storage Intelligent Intelligent Packaging How the Packaging Works Weakness Reference
Temperature Materials/Components Principle
Pork (lean part, 4°C (4 days) Purple cabbage anthocyanin pH indicator A pH-sensitive bilayer film that e The color change of the indicator (76)
pork loin) 25°C (24 hour)  (PCA) releases PCA when the pH rises, so in the pH range of 4-6 is not clear.
the film changes color. e Anthocyanins with high
concentration (ZCLP16%) are less
Pink (fresh) stable.
Dark purple (damaged).
Shrimp 25°C (36 hour)  Co-MOF (Cobalt-based Gas indicators Co-MOF reacts with ammonia (NHs3) Initial color, pale pink less (77)
Metal-Organic  Framework) produced during spoilage, resulting in  conspicuous for visual detection
with added Sodium Alginate the formation of Co-N fish which
(SA) causes discoloration.
Pale pink (fresh)
Dark brown (spoiled)
Shrimp 25°C (48 hour)  ZIF67 (zeolite-67 imidazolate Gas Indicator The film responds to ammonia gas Not sensitive to pH changes (78)
framework) and Cellulose produced during shrimp spoilage
acetate (CA) through color changes.
(Blue = Brown)
Shrimp —20°C, 28°C, H+DQ2 (AIE indicator) Gas indicator Freshness indicator based on e Requires a UV lamp to detect (79)
and 4°C (5 fluorescence and color change of AIE fluorescence, making it impractical
days) (aggregation-induced emission) in all conditions.
H+DQ2 detects ammonia vapor
generated by spoilage, thus changing
the color of the film.
(Red brick = Yellow)
Silver carp 25°C (3 days) Anthocyanin- Ekstract pH sensing indicator MBE is responsive to pH so it changes e Films are irreversible (80)
Murbei (MBE) the color of the package indicator e The addition of MBE decreases the
based on the change in pH. flexibility of the film.
Purple (fresh)
Gray/brown (spoiled)
Yellow (spoiled)
Tilapia fillet 25+2°C Anthocyanin - Grape pomace pH indicator The color of the film changes as the e Less suitable for low-protein foods (81)
(96hour) extract (GPE) pH increases due to fish spoilage. that do not produce volatile

(Pink = Green)

amines.
Color transition takes a long time.
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Type of Meat Storage Intelligent Intelligent Packaging How the Packaging Works Weakness Reference
Temperature Materials/Components Principle
e White shrimp  4°C Hyacinth bean anthocyanins pH indicator The film responds to the pH changes e Color transition takes a long time. (82)
(Fenneropena  Udang (6 (HBA) that occur during spoilage, thus e Indicator sensitivity is limited to

eus chinensis)

e Pork (loin)

days), Pork (12
days)

changing the color of the film.

Purple (Fresh)
Green (spoiled)

foods with significant pH changes.
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Consumer demands for quality and safe food products encourage the development of
intelligent packaging. Intelligent packaging is able to provide real-time information with
colorometric indicators related to the condition of the packaged product (83,84). As one of
the colorimetric indicators, pH-sensitive indicators in particular, have been widely developed
and used in pH-sensitive (halochromic) intelligent packaging films based on synthetic or
natural food colorings (85,86). The pH indicator is classified as a freshness indicator which is
different from the temperature indicator. This is because freshness indicators provide a
direct measurement of food quality by analyzing certain chemicals produced by specific
microorganisms. The use of pH-based indicators (pH-sensitive indicators) results in a change
in the pH level, which then causes a color change in the sensor, thus directly indicating the
condition of the food in the package (87).

This pH-based indicator can be applied to various food products, such as meat, fruits,
and seafood. Applied to meat and fish products, the amount of Total Volatile Basic Nitrogen
(TVBN) is used as a critical factor to identify the level of spoilage. The TVBN sensor uses a
colorimetric approach by detecting pH changes associated with volatile amines produced by
spoilage microorganisms (88,89). The pH of meat increases during storage as a result of
protein degradation by spoilage microbes. This process produces foul-smelling compounds
such as ammonia (NHs), skatole and indole bases, as well as hydrogen sulfide (H,S), amines,
cadaverine, and mercaptans (90-93). These volatile compounds gradually accumulate in the
package, causing a rise in pH, so that the indicator undergoes a gradual color change as the
meat decays (94).
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The application of gas indicators as intelligent packaging in food products serves to
monitor food quality based on gas content within the packaging. These gases can affect the
guality and freshness of packaged products (95,96). Meat products are susceptible to spoilage
due to microbial activity and produce gases such as ammonia (NHs), hydrogen sulfide (H2S),
and carbon dioxide (CO,). The principle of gas indicators as intelligent packaging is based on
color changes resulting from chemical reactions that occur in the indicator when it interacts
with gases. Gas indicators in intelligent packaging typically consist of materials sensitive to
specific gases. When gases produced by food in the packaging interact with the indicator, the
active components in the indicator react with the gases, causing a visible color change. By
detecting gas levels, the packaging can provide visual information about the quality of the
meat directly to consumers or distributors without needing to open the packaging (7,97).

The Time-Temperature Indicator (TTI) is a intelligent packaging technology designed to
monitor the temperature and storage duration of food products, which can be viewed during
the storage and distribution process (98). TTIl, in the form of labels or tags, can detect
temperature and time from the start of the production process through storage and
distribution until the product reaches the consumer (99). The basic concept of TTl is that food
quality, including meat products, is strongly influenced by ambient temperature.
Temperature-sensitive meat products can experience accelerated biological and chemical
deterioration if they are not stored under stable chilled conditions. TTI serves to ensure that
food products are stored under conditions that are suitable for their characteristics. This is
important because time and temperature are important factors that can cause various
deterioration, such as physical, chemical and microbiological damage to food (100).

The main principle of using TTl is based on changes in chemical, mechanical,
electrochemical, enzymatic, and microbiological reactions characterized by visual color
changes due to changes in temperature and storage time (98). TTI works with physical or
chemical changes that occur over time and temperature. The longer the indicator is exposed
to high temperatures, the faster the color change occurs (101). Time-Temperature Indicator
(TT1) systems are generally categorized based on physical, chemical, enzymatic, and biological
systems (fig. 6).
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Chemical-based TTI systems can be divided into three types of mechanisms, namely
polymerization, photochromic, and oxidation reactions. The mechanism of color change
occurs irreversibly due to several chemical reactions, such as the formation of polymers in
polymerization-based TTls, changes in the wavelength of light due to exposure to UV light in
photochromic TTls, and the reaction between oxygen from the air with indicator components
accompanied by light accumulation to produce a creamy color change in oxidation-based TTls
(102). Physical TTI systems can be classified into diffusion-based TTI, nanoparticle-based TTI,
electronic TTI, etc. based on their working principle due to the diffusion reaction of fatty acid
esters through porous materials in response to temperature and time, which results in visual
changes proportional to the thermal state of the product. Then nanoparticle-based TTl is a
change in the morphology or surface structure of nanoparticles due to thermal energy, which
triggers irreversible optical (thermochromic) color shifts as a historical marker of product
storage temperature and time. Electronic TTI uses thermal sensors to convert temperature
signals into electrical signals. This signal is then processed by microprocessor circuitry and
produces a visual or digital color output that accurately displays the thermal history and
quality condition of the product (98,102,103).

Enzymatic-based TTIs are divided into acid-base and redox reactions. Acid-base
reaction-based TTls are color changes in pH indicators caused by enzymatic reactions by
substrates that act as components in the indicator. This color change will be more clearly
visible when over time and temperature increases because it will accelerate the work of
enzymes in breaking down the substrate. Redox reaction-based TTIs are color changes
resulting from the oxidation of the substrate by enzymes such as laccase or peroxidase, thus
providing a visual indication of the thermal history of the product (102,104,105). The
biologically-based Time-Temperature Indicator (TTI) utilizes the activity of microorganisms
such as yeast and Lactobacillus spp. to produce pH changes that can be observed through
changes in the color of the indicator. In yeast-based systems, the mechanism relies on
anaerobic respiration that produces acid as a metabolic product when the microorganisms
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grow within a certain temperature, usually between 5°C and 40°C. The acid produced causes
the pH indicator to gradually change color, showing the accumulated effects of time and
temperature. Meanwhile, in Lactobacillus spp. based TTls, such as Lactobacillus rhamnosus
LGG, fermentation of sugars such as glucose or lactose produces lactic acid which also lowers
the pH and triggers a color change of the indicator. Both systems show potential as freshness
indicators for food products, especially chilled and temperature-sensitive products (102,106).

Method TTI Principles System

Physical Diffusion, Nanoparticle and Electronic

Chemical Polymerization, Photochromic, and Oxidation Reaction
Enzymatic Acid-Base Reaction, Redox Reaction, and Acid-Base Reaction
Biological Yeast and Lactobacillus

Radio Frequency Identification (RFID) is a intelligent packaging technology that uses
wireless devices to automatically identify and track packaged products. The principle of RFID
in intelligent packaging is through radio signals fired at tags that will be read by RFID
readers. RFID in intelligent packaging allows monitoring of product conditions without
physically opening the packaging, helping to maintain product freshness until it reaches
consumers. The application of RFID in meat products serves to ensure the safety, quality,
and traceability of the supply chain, especially in cold chain systems (1,107,108).

Antena (((
RFID Tag
¢
(« () (L
TR RFID Tag
Computer (server) RFID Reader

((. RFID Tag

The three main components of an RFID system are the RFID label (tag), RFID reader, and
server. RFID labels are usually attached to packaging and have microchips and antennas that
store product data such as processing time, storage temperature, and product identity. The
reader captures signals from the label and transfers the data to the central system via radio
waves, while the database system (server) processes the information to display it in visual
form (109,110). The working principle of RFID begins when the reader sends electromagnetic
waves toward the tag. These waves then trigger the tag, which in turn sends information back
to the reader. The returned signal contains the tag ID and product condition data (45,111).
The application of RFID in meat is used to record data in real-time during the storage and
distribution process, combined with temperature sensors. Sensors integrated with RFID tags
can measure temperature periodically and send data to a monitoring system, which then
displays the data graphically or issues a warning signal if the temperature exceeds a
predetermined threshold (45,110).
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The application of intelligent packaging in meat products shows promising prospects in
improving quality, safety, and transparency of information to consumers through real-time
monitoring of product conditions. Although many studies have revealed the great potential
of this packaging, there are still various challenges that must be overcome for wider
implementation. Future research on intelligent packaging should focus on developing
materials that not only have good physical and barrier properties, but are also
environmentally friendly and biodegradable to support sustainability. In addition, the
integration of cutting-edge technologies such as the Internet of Things (loT) and Artificial
Intelligence (Al) into intelligent packaging is essential to improve the efficiency and accuracy
of meat quality monitoring throughout the supply chain. The process of validating the
application of intelligent packaging in real supply chains is a crucial step necessary to ensure
that this technology is not limited to the laboratory stage, but can be applied commercially.
With more focused research, it is hoped that intelligent packaging can become the future
solution for more efficient, effective, safe, and sustainable food packaging.

The results of this study show the development of intelligent packaging research discussed
using bibliometric methods and systematic reviews. It can be seen that the number of
documents related to intelligent packaging has increased every year since 2014. China is the
most productive country in intelligent packaging research, which is characterized by the
highest number of publications. In addition, the International Journal of Biological
Macromolecules is the most productive journal, where the type of document with
considerable influence in the development of the field of intelligent packaging is the article
document. Keyword analysis shows that intelligent packaging research points for food
packaging focus on intelligent packaging, smart packaging, pH indicators, anthocyanins, and
freshness indicators. The results of keyword analysis based on time range show several
keywords that are currently trending topics, namely intelligent food packaging, meat
spoilage, food packaging, sodium alginate, and biopolymers. The most widely used types of
intelligent packaging in meat packaging include pH indicators, time-temperature indicators,
gas sensors, and RFID. These packaging technologies can be used to monitor the freshness,
temperature, and quality of meat.

Not applicable.

Conceptualization, S.H.H and A.Y.N.; methodology, A.Y.N. and S.H.H; software, A.Y.N.;
validation, S.H.H. and |.; formal analysis, S.H.H., A.Y.N, and |.; investigation, S.H.H.; resources,
A.Y.N; data curation, A.Y.N. and |.; writing—original draft preparation, A.Y.N.; writing—review
and editing, S.H.H., A.Y.N., and |.; visualization, A.Y.N.; supervision, S.H.H. All authors have
read and agreed to the published version of the manuscript.

This research received no any external funding

226



10.

11.

12.

13.

Canrea Journal: Food Technology, Nutritions, and Culinary, 2025; 8 (2): 201-235

Not applicable.

Available data are presented in the manuscript

Author declare no conflict of interest.

Mkhari T, Adeyemi JO, Fawole OA. Recent Advances in the Fabrication of Intelligent
Packaging for Food Preservation: A Review. Processes. 2025;13(2):1-49.

Maricar R, Naharuddin A. The Influence of Packaging Design on the Performance of
Small and Medium-sized Enterprises’ Products. J Adm Kant. 2023;11(1):153-62.
Dirpan A, Hatul S, Djalal M, Fadiah A, Sisilia D, Khosuma M, et al. Trends over the last
25 years and future research into smart packaging for food : A review. Futur Foods
[Internet]. 2023;8(March):100252. Available from:
https://doi.org/10.1016/j.fufo.2023.100252

Pellissery AJ, Vinayamohan PG, Amalaradjou MAR, Venkitanarayanan K. Spoilage
bacteria and meat quality [Internet]. Meat Quality Analysis: Advanced Evaluation
Methods, Techniques, and Technologies. Elsevier Inc.; 2019. 307-334 p. Available
from: http://dx.doi.org/10.1016/B978-0-12-819233-7.00017-3

llahi NF, Ananta NL, Advinda L. Kualitas Mikrobiologi Daging Sapi dari Pasar Tradisional.
Pros SEMNAS BIO 20221. 2021;283-92.

MaY, Yang W, Xia Y, Xue W, Wu H, Li Z, et al. Properties and Applications of Intelligent
Packaging Indicators for Food Spoilage. Membranes (Basel). 2022;12(5):1-17.

Nami M, Taheri M, Siddiqui J, Deen IA, Packirisamy M, Deen MJ. Recent Progress in
Intelligent Packaging for Seafood and Meat Quality Monitoring. Adv Mater Technol.
2024;9(12).

Biji KB, Ravishankar CN, Mohan CO. Smart packaging systems for food applications : a
review. J Food Sci Technol. 2015;52(October):6125-35.

Nanda PK, Bhattacharya D, Das JK, Bandyopadhyay S, Ekhlas D, Lorenzo JM, et al.
Emerging Role of Biosensors and Chemical Indicators to Monitor the Quality and Safety
of Meat and Meat Products. Chemosensors. 2022;10(8):1-26.

Khodaei SM, Gholami-Ahangaran M, Karimi Sani |, Esfandiari Z, Eghbaljoo H.
Application of intelligent packaging for meat products: A systematic review. Vet Med
Sci. 2023;9(1):481-93.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The
PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ.
2021;372.

Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD, et al. A
declaragao PRISMA 2020: Diretriz atualizada para relatar revisdes sistematicas. PAN
Am J Public Heal. 2022;31(2):1-12.

Zhang F, Sun M, Han S, Shen X, Luo Y, Zhong D, et al. Acupuncture for Primary
Dysmenorrhea: An Overview of Systematic Reviews. Evidence-based Complement

227



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Canrea Journal: Food Technology, Nutritions, and Culinary, 2025; 8 (2): 201-235

Altern Med. 2018;2018.

Backman C, Chartrand J, Crick M, Devey Burry R, Dingwall O, Shea B. Effectiveness of
person- and family-centred care transition interventions on patient- oriented
outcomes: A systematic review. Nurs Open. 2021;8(2):721-54.

Salameh JP, Bossuyt PM, McGrath TA, Thombs BD, Hyde CJ, MacAskill P, et al. Preferred
reporting items for systematic review and meta-analysis of diagnostic test accuracy
studies (PRISMA-DTA): Explanation, elaboration, and checklist. BMJ. 2020;370(12).
Watts T, Courtier N, Fry S, Gale N, Gillen E, McCutchan G, et al. Access, acceptance and
adherence to cancer prehabilitation: a mixed-methods systematic review. J Cancer
Surviv [Internet]. 2024;(0123456789). Available from:
https://doi.org/10.1007/s11764-024-01605-3

Lishinski A, Lansing E, Good J, Lansing E, Sands P. Methodological Rigor and Theoretical
Foundations of CS Education Research. Proc 2016 ACM Conf Int. 2016;161-9.

Passas |. Bibliometric Analysis: The Main Steps. Encyclopedia. 2024;4(2):1014-25.
Sugiarni R, Herman T, Suryadi D, Prabawanto S, Inayah S. Research Trends Mathematics
Concepts on Pre-Service Mathematics Teachers: A Bibliometric Analysis Using
Vosviewer From 2017 To 2022. Prisma. 2023;12(1):248.

Oztiirk O, Kocaman R, Kanbach DK. How to design bibliometric research: an overview
and a framework proposal. Rev Manag Sci [Internet]. 2024;18(11):3333-61. Available
from: https://doi.org/10.1007/s11846-024-00738-0

Djalal M, Wangdi JT, Dirpan A, Bastian F, Latief R, Ainani AF, et al. Traditional
Indonesian food: A bibliometric review from 2013-2022. Canrea J Food Technol Nutr
Culin J. 2022;5(2):172-82.

Sataloff RT, Bush ML, Chandra R, Chepeha D, Rotenberg B, Fisher EW, et al.
ScienceDirect Systematic and other reviews : Criteria and complexities. World J
Otorhinolaryngol Head Neck Surg [Internet]. 2021;7(3):236-9. Available from: doi:
10.1016/j.wjorl.2021.04.007

Snyder H. Literature review as a research methodology : An overview and guidelines. J
Bus Res [Internet]. 2019;104(July):333-9. Available from:
https://doi.org/10.1016/j.jbusres.2019.07.039

Schaefer D, Cheung WM. Smart Packaging: Opportunities and Challenges. Procedia
CIRP [Internet]. 2018;72(March):1022-7. Available from:
https://doi.org/10.1016/j.procir.2018.03.240

Kshatri JS, Satpathy P, Sharma S, Bhoi T, Mishra SP, Sahoo SS. Health research in the
state of Odisha, India: A decadal bibliometric analysis. ] Fam Med Prim Care [Internet].
2022;6(2):169-70. Available from: http://www.jfmpc.com/article.asp?issn=2249-
4863;year=2017;volume=6;issue=1;spage=169;epage=170;aulast=Faizi

Zhang X, Xie Q, Song M. Measuring the impact of novelty, bibliometric, and academic-
network factors on citation count using a neural network. J Informetr [Internet].
2021;15(2):101140. Available from: https://doi.org/10.1016/j.j0i.2021.101140
Mammola S, Fontaneto D, Martinez A, Chichorro F. Impact of the reference list features
on the number of citations. Scientometrics [Internet]. 2021;126(1):785—99. Available
from: https://doi.org/10.1007/s11192-020-03759-0

Chaudhary V, Bangar SP, Thaku N, Trif M. Recent Advancements in Smart Biogenic
Packaging: Reshaping the Future of the Food Packaging Industry. Polymers (Basel).
2022;14(4).

228



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Canrea Journal: Food Technology, Nutritions, and Culinary, 2025; 8 (2): 201-235

Karwowska M, taba S. Food Loss and Waste in Meat Sector — Why the Consumption
Stage Generates the Most Losses ? 2021;

Rodrigues SSQ, Leite A, Vasconcelos L, Teixeira A. Exploring the Nexus of Feeding and
Processing : Implications for Meat Quality and Sensory Perception. 2024;

Alam AMMN, Lee E yeong, Hossain J, Samad A, Kim S hee, Hwang Y hwa, et al. Meat
quality and safety issues during high temperatures and cutting-edge technologies to
mitigate the scenario. 2024;66(4):645-62.

Djaini A, Haslinah A, Muthmainah HN. Strategi Pengurangan Sampah Makanan
Menggunakan Analisis Data dan Teknologi. 2023;02(10):881-94.

Sjogarde P, Didegah F. The association between topic growth and citation impact of
research publications. Scientometrics [Internet]. 2022;127(4):1903-21. Available from:
https://doi.org/10.1007/s11192-022-04293-x

Sampagnaro G. Keyword occurrences and journal specialization. Scientometrics
[Internet]. 2023;128(10):5629-45. Available from: https://doi.org/10.1007/s11192-
023-04815-1

Sedighi M. Application of word co-occurrence analysis method in mapping of the
scientific fields (case study: the field of Informetrics). Libr Rev. 2016;65(1—-2):52—-64.
Melyan NR, Yasin MR. Analisis co-occurrence pada riset pengembangan koleksi
perpustakaan tahun 2015-2023 : studi visualisasi dengan VOSviewer. 2023;1-13.
Radhakrishnan S, Erbis S, Isaacs JA, Kamarthi S. Correction: Novel keyword co-
occurrence network-based methods to foster systematic reviews of scientific literature
(PLoS ONE (2017) 12:3 (e0172778) DOI: 10.1371/journal.pone.0172778). PLoS One.
2017;12(9):1-16.

Cordeiro A, Hussain M, Beemkumar TRN. Advancements in Packaging Materials :
Trends, Sustainability , and Future Prospects. Circ Econ Sustain. 2025;

Li T, Lloyd K, Birch J, Wu X, Mirosa M, Liao X. A quantitative survey of consumer
perceptions of smart food packaging in China. Food Sci Nutr. 2020;8:3977-88.

Shahar M, Henry I, Kabir H, Alnadari F, Bilal M, Rehman F, et al. A novel carboxymethyl
cellulose / gum xanthan and citric acid-based film that enhances the precision of
blackcurrant anthocyanin-induced color detection for beef spoilage tracking. Food
Chem [Internet]. 2024;461(August):140905. Available from:
https://doi.org/10.1016/j.foodchem.2024.140905

Mohammadi Y, Shahbazi Y, Shavisi N. Intelligent locust bean gum-k-carrageenan
nanofibrous mats with Rosa canina petal anthocyanins and chitosan nanoparticles :
Preparation, characterization, and application for monitoring of beef meat freshness.
LWT. 2024;208:1-12.

Wang L, Yang C, Deng X, Peng J, Zhou J, Xia G, et al. A pH-sensitive intelligent packaging
film harnessing Dioscorea zingiberensis starch and anthocyanin for meat freshness
monitoring. Int J Biol Macromol [Internet]. 2023;245(April):125485. Available from:
https://doi.org/10.1016/].ijbiomac.2023.125485

Sun Y, Zhai X, Zou X, Shi J, Huang X, Li Z. A Ratiometric Fluorescent Sensor Based on
Silicon Quantum Dots and Silver Nanoclusters for Beef Freshness Monitoring. Foods.
2023;1-14.

Singh S, Gaikwad KK, Lee M, Lee YS. Temperature sensitive smart packaging for
monitoring the shelf life of fresh beef. ] Food Eng [Internet]. 2018;234:41-9. Available
from: https://doi.org/10.1016/j.jffoodeng.2018.04.014

229



45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

Canrea Journal: Food Technology, Nutritions, and Culinary, 2025; 8 (2): 201-235

Marindra AMJ, Pratama BM, Suroso DJ. Non-invasive Frozen Meat Monitoring System
Using UHF RFID Tag Antenna-Based Sensing and RSSI. Int J Adv Sci Eng Infromation
Technol. 2023;13(1).

Cao Y, Gou Q, Song Z, Zhang L, Yu Q, Zhu X. Smart carrageenan / carboxymethyl
cellulose films combined with zein / gellan gum microcapsules encapsulated by
composite anthocyanins for chilled beef freshness monitoring. Food Hydrocoll
[Internet]. 2024;153(1):110059. Available from:
https://doi.org/10.1016/j.foodhyd.2024.110059

Song W, Zhai X, ShiJ, Zou X, Xue Y, SunY, et al. A ratiometric fluorescence amine sensor
based on carbon quantum dot-loaded electrospun polyvinylidene fluoride film for
visual monitoring of food freshness. Food Chem [Internet]. 2024;434(April
2023):137423. Available from: https://doi.org/10.1016/j.foodchem.2023.137423
Dirpan A, Djalal M, Ainani AF. A Simple Combination of Active and Intelligent Packaging
Based on Garlic Extract and Indicator Solution in Extending and Monitoring the Meat
Quality Stored at Cold Temperature. Foods. 2022;11(1459).

Zhai X, Xue Y, Song W, Sun Y, Shen T, Zhang X, et al. A ratiometric fluorescent
electrospun film with high amine sensitivity and stability for visual monitoring of
livestock meat freshness. Food Chem X [Internet]. 2024;24(August):101801. Available
from: https://doi.org/10.1016/j.fochx.2024.101801

Kuswandi B, Hasanah F, Pratoko DK, Kristiningrum N. Colorimetric Paper-Based Dual
Indicator Label for Real-Time Monitoring of Fish Freshness. Food Technol Biotechnol.
2022;60(4).

Melda I, Haskaraca G, Ayhan Z, Giiltekin E. Development of real time-pH sensitive
intelligent indicators for monitoring chicken breast freshness / spoilage using real
packaging practices. Food Res Int [Internet]. 2023;173(P1):113261. Available from:
https://doi.org/10.1016/j.foodres.2023.113261

Yildiz E, Sumnu G, Kahyaoglu LN. Monitoring freshness of chicken breast by using
natural halochromic curcumin loaded chitosan / PEO nano fi bers as an intelligent
package. Int J Biol Macromol [Internet]. 2021;170:437-46. Available from:
https://doi.org/10.1016/j.ijbiomac.2020.12.160

Peighambardoust SH, Yaghoubi M, Hosseinpour A, Alirezalu K. Development and
Application of Dual-Sensors Label in Combination with Active Chitosan-Based Coating
Incorporating Yarrow Essential Qil for Freshness Monitoring and Shelf-Life. foods.
2022;11.

Behesht B, Vazifedoost M, Didar Z, Hajirostamloo B, Ali M. A pH-sensitive indicator
based on biodegradable polymers of zein / chitosan containing hematoxylin natural
dye for visual quality monitoring of chicken fillets. Food Biosci [Internet].
2024;58(February):103801. Available from:
https://doi.org/10.1016/j.fbio.2024.103801

Kumar PS, Shuprajhaa T, Rajendran A. Banana flower bract anthocyanin based pH
sensitive , intelligent film indicator developed using banana starch and its derivative.
Food Packag Shelf Life [Internet]. 2024;46(June):101375. Available from:
https://doi.org/10.1016/].fpsl.2024.101375

Mirzaei A, Bina Jorshari Y, Jananshir S, Noori M, Mahdavi M. Colorimetric pH-sensitive
hydrogel film based on kappa-carrageenan containing quercetin or eucalyptus leaf
extract for freshness monitoring of chicken meat. Food Chem X [Internet].

230



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Canrea Journal: Food Technology, Nutritions, and Culinary, 2025; 8 (2): 201-235

2024;22(March):101307. Available from:
https://doi.org/10.1016/j.fochx.2024.101307

Dirpan A, Igbal M, Yumeina D, Prahesti KI, Djalal M, Syarifuddin A, et al. Smart
Packaging for Chicken Meat Quality : Absorbent Food Pad and Whatman Paper
Applications. Indones Food Sci Technol J. 2023;7(1):50-5.

Sohrabi N, Almasi H, Moradi M. Controlled porosity intelligent aerogel based on
chitosan nanofiber , anthocyanins and starch nanoparticles: Preparation ,
characterization and application in monitoring food spoilage. Food Hydrocoll
[Internet]. 2024;156(May):110261. Available from:
https://doi.org/10.1016/j.foodhyd.2024.110261

Alizadeh-sani M, Tavassoli M, Mohammadian E, Ehsani A, Jahed G, Priyadarshi R, et al.
pH-responsive color indicator fi Ims based on methylcellulose / chitosan nano fi ber
and barberry anthocyanins for real-time monitoring of meat freshness. Int J Biol
Macromol. 2021;166:741-50.

Liu B, GaoJ, Liu X, Zhang X, Zeng X, Zhang X, et al. Preparation of soybean isolate protein
/ xanthan gum / agar- Lycium ruthenicum anthocyanins intelligent indicator films and
its application in mutton preservation. Int J Biol Macromol [Internet].
2024;283(P3):137751. Available from:
https://doi.org/10.1016/j.ijbiomac.2024.137751

Goudarzi J, Moshtaghi H, Shahbazi Y. Kappa-carrageenan-poly ( vinyl alcohol )
electrospun fiber mats encapsulated with Prunus domestica anthocyanins and
epigallocatechin gallate to monitor the freshness and enhance the shelf-life quality of
minced beef meat. Food Packag Shelf Life [Internet]. 2023;35(November
2022):101017. Available from: https://doi.org/10.1016/].fpsl.2022.101017

Chaari M, Elhadef K, Akermi S, Tounsi L. Development of a novel colorimetric pH-
indicator film based on CMC / flaxseed gum / betacyanin from beetroot peels: A
powerful tool to monitor the beef meat freshness. Sustain Chem Pharm [Internet].
2024;39(March):101543. Available from: https://doi.org/10.1016/j.scp.2024.101543
Taherkhani E, Moradi M, Tajik H, Molaei R, Ezati P. Preparation of on-package
halochromic freshness / spoilage nanocellulose label for the visual shelf life estimation
of meat. Int J Biol Macromol [Internet]. 2020;164:2632—-40. Available from:
https://doi.org/10.1016/].ijbiomac.2020.08.177

Ghorbani M, Divsalar E, Molaei R, Ezati P, Moradi M, Tajik H, et al. A halochromic
indicator based on polylactic acid and anthocyanins for visual freshness monitoring of
minced meat , chicken fillet , shrimp , and fish roe. Innov Food Sci Emerg Technol
[Internet]. 2021;74(October):102864. Available from:
https://doi.org/10.1016/].ifset.2021.102864

Sutthasupa S, Padungkit C, Suriyong S. Colorimetric ammonia (NH3) sensor based on
an alginate-methylcellulose blend hydrogel and the potential opportunity for the
development of a minced pork spoilage indicator. Food Chem. 2021;362(May).

Choi |, Lee JY, Lacroix M, Han J. Intelligent pH indicator film composed of agar/potato
starch and anthocyanin extracts from purple sweet potato. Food Chem [Internet].
2017;218:122-8. Available from: http://dx.doi.org/10.1016/j.foodchem.2016.09.050
Pang H, Wu Y, Tao Q, Xiao Y, Ji W, Li L. Active cellulose acetate / purple sweet potato
anthocyanins @ cyclodextrin metal-organic framework / eugenol colorimetric film for
pork preservation. Int J Biol Macromol [Internet]. 2024;263(P2):130523. Available

231



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Canrea Journal: Food Technology, Nutritions, and Culinary, 2025; 8 (2): 201-235

from: https://doi.org/10.1016/j.ijbiomac.2024.130523

Hao Y, Kang J, Guo X, Sun M, Li H, Bai H. pH-responsive chitosan-based film containing
oregano essential oil and black rice bran anthocyanin for preserving pork and
monitoring freshness. Food Chem [Internet]. 2023;403(20):134393. Available from:
https://doi.org/10.1016/j.foodchem.2022.134393

Kong J, Ge X, Sun Y, Mao M, Yu H, Chu R, et al. Multi-functional pH-sensitive active and
intelligent packaging based on highly cross-linked zein for the monitoring of pork
freshness. Food Chem [Internet]. 2023;404(PB):134754. Available from:
https://doi.org/10.1016/j.foodchem.2022.134754

Zhang J, Zhang J, Guan Y, Huang X, Arslan M, Shi J, et al. High- sensitivity bilayer
nanofiber film based on polyvinyl alcohol / sodium alginate / polyvinylidene fluoride
for pork spoilage visual monitoring and preservation. Food Chem [Internet].
2022;394(April):133439. Available from:
https://doi.org/10.1016/j.foodchem.2022.133439

Zhang J, Huang X, Zhang J, Liu L, Shi J, Muhammad A, et al. Development of nanofiber
indicator with high sensitivity for pork preservation and freshness monitoring. Food
Chem [Internet]. 2022;381(August 2021):132224. Available from:
https://doi.org/10.1016/j.foodchem.2022.132224

Zhang C, Qu L, Liu H, Cai D, Yuan Y, Wang S. pH-responsive color-indicating film of pea
protein isolate cross-linked with dialdehyde carboxylated cellulose nanofibers for pork
freshness monitoring. Int J Biol Macromol [Internet]. 2024;257(P2):128671. Available
from: https://doi.org/10.1016/j.ijbiomac.2023.128671

Wu J hui, Liao J hui, Hu T gen, Zong M hua, Wen P, Wu H. Fabrication of multifunctional
ethyl cellulose / gelatin-based composite nanofilm for the pork preservation and
freshness monitoring. Int J Biol Macromol [Internet]. 2024;265(P1):130813. Available
from: https://doi.org/10.1016/j.ijbiomac.2024.130813

Yue C, Wang J, Wu D, Wang Z, Wang G. Immobilization of phospholipase Al on
polyvinyl alcohol microspheres to develop a time-temperature indicator for freshness
monitoring of pork. J Food Eng [Internet]. 2023;357(April):111640. Available from:
https://doi.org/10.1016/j.jfoodeng.2023.111640

Cao S, Wang S, Wang Q, Lin G, Niu B, Guo R, et al. Sodium alginate/chitosan-based
intelligent bilayer film with antimicrobial activity for pork preservation and freshness
monitoring. Food Control [Internet]. 2023;148(December 2022):109615. Available
from: https://doi.org/10.1016/j.foodcont.2023.109615

Xiaowei H, Wanying Z, Zhihua L, Junjun Z, Ning Z, Jiyong S. pH-triggered bilayer film
based on carboxymethyl cellulose / zein / Eudragit L100 with purple cabbage
anthocyanin for monitoring pork freshness. Int J Biol Macromol [Internet].
2024;278(P2):134358. Available from:
https://doi.org/10.1016/j.ijbiomac.2024.134358

Feng S, Tang Q, Xu Z, Huang K, Li H, Zou Z. Development of novel Co-MOF loaded
sodium alginate based packaging films with antimicrobial and ammonia-sensitive
functions for shrimp freshness monitoring. Food Hydrocoll [Internet]. 2023;135(June
2022):108193. Available from: https://doi.org/10.1016/j.foodhyd.2022.108193
ZhangY, Tang Q, Huang K, Xu Z, Feng S, Li H, et al. Developing strong and tough cellulose
acetate / ZIF67 intelligent active films for shrimp freshness monitoring. Carbohydr
Polym [Internet]. 2023;302(October 2022):120375. Available from:

232



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Canrea Journal: Food Technology, Nutritions, and Culinary, 2025; 8 (2): 201-235

https://doi.org/10.1016/j.carbpol.2022.120375

Zhu J, Liu Z, Chen H, Liu H, Bao X, Li C, et al. Designing and developing biodegradable
intelligent package used for monitoring spoilage seafood using aggregation-induced
emission indicator. LWT [Internet]. 2021;151(April):112135. Available from:
https://doi.org/10.1016/j.lwt.2021.112135

Zhou N, Wang L, You P, Wang L, Mu R, Pang J. Preparation of pH-sensitive food
packaging fi Im based on konjac glucomannan and hydroxypropyl methyl cellulose
incorporated with mulberry extract. Int J Biol Macromol [Internet]. 2021;172:515-23.
Available from: https://doi.org/10.1016/j.ijbiomac.2021.01.047

Ferreira G, Baptistella B, Helena |, Tagliari B, Trevisan C, Bevilaqua G, et al.
Multipurpose arrowroot starch films with anthocyanin-rich grape pomace extract:
Color migration for food simulants and monitoring the freshness of fish meat. Int J Biol
Macromol [Internet]. 2024;265(P1):130934. Available from:
https://doi.org/10.1016/j.ijbiomac.2024.130934

Huang X, Xu F, Yun D, Li C, Kan J, Liu J. Development and application of intelligent
packaging films based on guar gum , polyvinyl alcohol and hyacinth bean ( Lablab
purpureus ( L .) sweet ) anthocyanins. Int J Biol Macromol [Internet].
2023;251(July):126369. Available from:
https://doi.org/10.1016/j.ijbiomac.2023.126369

Zhao L, Liu Y, Zhao L, Wang Y. Anthocyanin-based pH-sensitive smart packaging films
for monitoring food freshness. J Agric Food Res [Internet]. 2022;9(July):100340.
Available from: https://doi.org/10.1016/j.jafr.2022.100340

Thamrin ES, Warsiki E, Djatna T. An Association Model Of The Colour Indicator Changing
For Smart Packaging And Diary Product Quality. J Teknol Ind Pertan. 2017;27(1):96—
102.

Alizadeh-sani M, Mohammadian E, Rhim J whan, Mahdi S. pH-sensitive ( halochromic )
smart packaging films based on natural food colorants for the monitoring of food
quality and safety. Trends Food Sci Technol [Internet]. 2020;105:93-144. Available
from: https://doi.org/10.1016/j.tifs.2020.08.014

Abedi-firoozjah R, Yousefi S, Heydari M, Seyedfatehi F, Jafarzadeh S. Application of Red
Cabbage Anthocyanins as pH-Sensitive Pigments in Smart Food Packaging and Sensors.
Polymers (Basel). 2022;14(8).

Liu D, Zhang C, Pu Y, Chen S, Liu L, Cui Z, et al. Recent Advances in pH-Responsive
Freshness Indicators Using Natural Food Colorants to Monitor Food Freshness. Foods.
2022;11(13).

Ye B, Chen J, Fu L, Wang Y. Application of nondestructive evaluation ( NDE )
technologies throughout cold chain logistics of seafood : Classification , innovations
and research trends. LWT [Internet]. 2022;158:113127. Available from:
https://doi.org/10.1016/j.Iwt.2022.113127

Mustafa F, Andreescu S. Chemical and Biological Sensors for Food-Quality Monitoring
and Smart Packaging. Foods. 2018;7(168).

Suradi K. Pengaruh Lama Penyimpanan Pada Suhu Ruang Terhadap Perubahan Nilai
pH, TVB dan Total Bakteri Daging Kerbau (Effect of Storage Length in the Room
Temperature on pH, TVB, and Total Bacteria Changes of Buffalo Meat). J lImu Ternak.
2012;12(2):9-12.

Dirpan A, Djalal M, Kamaruddin |. Application of an Intelligent Sensor and Active

233



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Canrea Journal: Food Technology, Nutritions, and Culinary, 2025; 8 (2): 201-235

Packaging System Based on the Bacterial Cellulose of Acetobacter xylinum to Meat
Products. Sensors. 2022;22(544).

Zhao S, Wu J, Li M, Zhao Y, Xiong G. Assessment of chitosan nanoemulsion loading with
perillaldehyde on the quality characteristics and microbial diversity of beef slices
during refrigeration storage. Food Chem X [Internet]. 2025;29(June):102658. Available
from: https://doi.org/10.1016/j.fochx.2025.102658

Simanjuntak BE, Panjaitan BP. Identifikasi Daging Segar terhadap Daging Busuk dengan
Menggunakan Sensor Polimer Konduktif dan Jaring Saraf Tiruan ( JST ). J Ilm Elektron
dan Komput. 2023;16(2):451-61.

Jafarzadeh S, Yildiz Z, Yildiz P, Strachowski P. Advanced technologies in biodegradable
packaging using intelligent sensing to fight food waste. Int J Biol Macromol [Internet].
2024;261(P1):129647. Available from:
https://doi.org/10.1016/j.ijbiomac.2024.129647

Miller P, Schmid M. Intelligent Packaging in the Food Sector : A Brief Overview. Foods.
2019;8(1).

Heo W, Lim S. A Review on Gas Indicators and Sensors for Smart Food Packaging. Foods.
2024;13(19).

Damdam AN, Ozay LO, Ozcan CK, Al-Zahrani A, Helabi R, Salama KN. loT-Enabled
Electronic Nose System for Beef Quality Monitoring and Spoilage Detection. Foods.
2023;12(11).

Adiani V, Gupta S, Variyar PS. A simple time temperature indicator for real time
microbial assessment in minimally processed fruits. J Food Eng [Internet].
2021;311(March):110731. Available from:
https://doi.org/10.1016/j.jfoodeng.2021.110731

Abekoon T, Buthpitiya BLSK, Sajindra H, Samarakoon ERJ, Jayakody JADCA,
Kantamaneni K, et al. Discover Sustainability A comprehensive review to evaluate the
synergy of intelligent food packaging with modern food technology and artificial
intelligence.  Discov  Sustain  [Internet]. 2024;5(160). Available from:
https://doi.org/10.1007/s43621-024-00371-7

Albrecht A, Ibald R, Raab V, Reichstein W, Haarer D, Kreyenschmidt J, et al.
Implementation of Time Temperature Indicators to Improve Temperature Monitoring
and Support Dynamic Shelf Life in Meat Supply Chains. J Packag Technol Res [Internet].
2020;4(1):23-32. Available from: https://doi.org/10.1007/s41783-019-00080-x
Rachmawati YI, Kuswandi B, Kristiningrum N. Pengembangan Time-Temperature
Indicator Berbasis Ekstrak Kulit Manggis ( Garcinia mangostana L .) sebagai Sensor
Penurunan Kualitas Susu Sapi Akibat Kesalahan Suhu Penyimpanan ( Development of
Time-Temperature Indicator Based on Mangosteen Rind ( Garcinia. e-Jurnal Pustaka
Kesehat. 2016;4(3):489-94.

Wang$§S, Liu X, Yang M, Zhang Y, Xiang K, Tang R. Review of Time Temperature Indicators
as Quality Monitors in Food Packaging. Packag Technol Sci. 2015;28:839—67.

Suppakul P, Kim DY, Yang JH, Lee SB, Lee SJ. Practical design of a diffusion-type time-
temperature indicator with intrinsic low temperature dependency. J Food Eng
[Internet]. 2017; Available from: https://doi.org/10.1016/j.jfoodeng.2017.11.026
Kumar H, Ahuja A, Kadam AA, Kumar V, Yuvraj R, Negi S. Antioxidant Film Based on
Chitosan and Tulsi Essential Oil for Food Packaging. Food Bioprocess Technol [Internet].
2023;342-55. Available from: https://doi.org/10.1007/s11947-022-02938-6

234



105.

106.

107.

108.

109.
110.

111.

Canrea Journal: Food Technology, Nutritions, and Culinary, 2025; 8 (2): 201-235

Pandian AT, Chaturvedi S, Chakraborty S. Applications of enzymatic time —temperature
indicator ( TTI ) devices in quality monitoring and shelf - life estimation of food products
during storage. ] Food Meas Charact [Internet]. 2020;(0123456789). Available from:
https://doi.org/10.1007/s11694-020-00730-8

Mataragas M, Bikouli VC, Korre M, Sterioti A. Development of a microbial Time
Temperature Indicator for monitoring the shelf life of meat. Innov Food Sci Emerg
Technol [Internet]. 2019;52(November 2018):89—-99. Available  from:
https://doi.org/10.1016/j.ifset.2018.11.003

Profetto L, Gherardelli M, ladanza E. Radio Frequency Identification ( RFID ) in health
care : where are we ? A scoping review. Health Technol (Berl) [Internet]. 2022;12:879—-
91. Available from: https://doi.org/10.1007/s12553-022-00696-1

Mustafa MFMS, Navaranjan N, Demirovic A. Food cold chain logistics and
management : A review of current development and emerging trends. J Agric Food Res
[Internet]. 2024;18(August):101343. Available from:
https://doi.org/10.1016/j.jafr.2024.101343

Chun JY, Noh G. Privacy-Preserving RFID-Based Search System. electronics. 2021;10(5).
Zuo J, Feng J, Gongalves M, Tian Y, Liang J, Wang Y, et al. RFID-based sensing in smart
packaging for food applications : A review. Futur Foods [Internet]. 2022;6(July):100198.
Available from: https://doi.org/10.1016/j.fufo.2022.100198

Saggin B. A Flexible Biopolymer based UHF RFID-Sensor for food quality monitoring.
IEEE Int Conf RFID Technol Appl. 2020;484-7.

235



