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compounds in smart packaging for food spoilage
detection: a comprehensive review

Konala Akhila, a Dakuri Ramakanth, b Lingala Lakshman Rao, a Suman Singh c

and Kirtiraj K. Gaikwad *a

With growing consumer concern for eating fresh and nutritious food, there arises a demand for freshness

indicators to build consumer trust and brand value. An active and intelligent packaging system helps extend

the shelf life of a product and facilitates visual communication of the dynamic shelf life, respectively. These

methods thereby may improve food safety and reduce food wastage at household and retail level by

eliminating the confusing use-by and best-before labels printed on packaging. This review on smart

packaging has more emphasis on freshness indicators, a segment of intelligent packaging. In the past

few decades, the trend of using natural coloring compounds, flavonoids, as pH indicators has been

booming. The complex process of food spoilage and its association with color change of flavonoids is

elaborated. These compounds can be extracted efficiently from fruit and vegetable peels and flowers

using several techniques. They can be employed as pH indicators after immobilizing them in a base

matrix, usually biopolymers owing to their biodegradability.
Sustainability spotlight

In the wake of global challenges posed by climate change and escalating concerns regarding environmental degradation, the pursuit of sustainable practices across all
sectors is imperative. The forthcoming review paper titled “Plant phytochemicals as bio-responsive compounds in smart packaging for food spoilage detection:
a comprehensive review” endeavors to shed light on an innovative approach towards enhancing food packaging sustainability while addressing the critical issue of
food spoilage. Acknowledging the profound impact of traditional packaging materials on our ecosystem, this review paper explores the potential of integrating plant
phytochemicals as bio-responsive compounds in smart packaging systems. By harnessing the inherent properties of these natural compounds, such as their anti-
microbial and antioxidant characteristics, smart packaging holds promise in not only extending the shelf life of food products but also minimizing waste generation
along the supply chain. The utilization of plant-derived compounds aligns seamlessly with the principles of sustainability, offering a renewable and biodegradable
alternative to conventional packaging materials derived from fossil fuels. Moreover, by employing smart packaging technology embedded with phytochemical
sensors, real-time monitoring of food freshness can be achieved, facilitating timely interventions to prevent spoilage and reduce food wastage. Furthermore, this
comprehensive review aims to elucidate the multifaceted benets of integrating plant phytochemicals into smart packaging systems, ranging from enhanced food
safety and preservation to reduced environmental footprint. Through a meticulous examination of existing research ndings and technological advancements, this
paper endeavors to provide valuable insights into the feasibility, efficacy, and potential challenges associated with implementing such innovative solutions on
a broader scale. In essence, the exploration of plant phytochemicals as bio-responsive compounds in smart packaging represents a signicant stride towards fostering
sustainability within the food industry. By embracing this paradigm shi towards eco-friendly packaging solutions, we can not only mitigate the adverse impacts of
conventional packaging practices but also contribute towards building a more resilient and sustainable future for generations to come.
1. Introduction

From its rudimentary origins, packaging has served its purpose
to provide protection and convenience to consumers in terms of
storage and handling of any commodity. Industrialization and
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24, 2, 860–875
globalization have meant that packaging is used not just for
functional purposes but also for creating brand image and
differentiating products. In day-to-day life of a modern human
being, comfort and convenience are prioritized to an extreme
extent. One of the major sectors to which packaging contributes
immensely is food and beverages. It is a known fact that
anything consumed by humans needs to be protected from
extrinsic and intrinsic factors to extend its shelf life without
compromising on taste, appearance, and nutritional benets.
Packaging for food prevents contamination, delays spoilage,
communicates about the product to the consumer and most
signicantly minimizes food loss and wastage.1
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Despite the efforts made by packaging to reduce food loss
and wastage, over 30% of produced food is lost or wasted at
various stages of supply chain and distribution annually.2

Evolution of packaging in terms of functionality and perfor-
mance is necessary to meet societal expectations. Some of the
factors that contribute to the evolution of packaging are
changes in consumer demand for mildly preserved safe and
nutritious food, improved consumer lifestyle preferring conve-
nience over cost, longer shelf life with same nutritional benets,
increasing ways of digital interactions and consumer awareness
of environmental effects.3 Hence, packaging has undergone
a major transformation with technological advancements and
led to a new age of smart packaging. The term smart packaging
is self-explanatory: suggesting that the packaging necessarily
involves and interacts with a product's atmosphere to dynami-
cally preserve the food by retaining its safety and quality until it
reaches the end consumer.4

Smart packaging is such a technique that increases effi-
ciency, ensures authenticity and traceability, and restricts fraud
and the. Smart packaging is broadly categorized into two
systems based on the action it performs on the product or
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Fig. 1 Broad categorization of smart packaging into active and intelligent packaging and further types of systems involved in smart packaging
based on working principles.

Table 1 Commercial examples of active packaging techniques8

Active packaging technique Name of product Manufacturer

Oxygen scavengers Ageless® Mitsubishi Gas Chemical
ATCO® Laboratories STANDA
Cryovac® OS1000, Sealed Air Co
Shelus™ CIBA

Carbon dioxide emitters/absorbers CO2® fresh CO2 Technologies
Freshlock Multisorb Technologies Inc.
UltraZap® Paper Pak Industries

Ethylene scavengers Crisper SL Ohe Chemicals
Ethysorb® Molecular Products Limited
Evert-fresh Evert Fresh Corp. Ltd

Antimicrobials Agion® Agion Technologies
Bactiblock® Nanobio Maters
Ethicap™ Freund

Antioxidant packaging ATOX® Artibal SA
Odor emitters Aroma-Can® —
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product atmosphere: active packaging and intelligent pack-
aging.5 Active packaging is deeply associated with altering
a product's atmosphere to slow down the deterioration process
and extend its shelf life while intelligent packaging does not
disturb the head space gases but only senses them to commu-
nicate the product's state.6 Whilst the concept of smart pack-
aging sounds fascinating and innovative, it has been quite
a challenge for full-scale adoption and application because of
lack of extensive scientic knowledge on most of the tech-
niques.7 Extensive research has been conducted in the last few
years to advance this technology and put it into commercial use.

Further classication of smart packaging and types of tech-
niques that come under these two systems are represented in
Fig. 1. The importance of these packaging systems is very well
perceived in the case of food packaging as food is vulnerable to
the slightest changes in storage conditions leading to microbial
growth, lipid and protein degradation. To date, active packaging
techniques like the use of oxygen scavengers, moisture
absorbers, carbon dioxide emitters and antimicrobials are the
most popular and commercialized techniques not just for food
packaging but also for electronics, household goods etc. Some
of the well-known examples of active packaging systems are
tabulated in Table 1.
862 | Sustainable Food Technol., 2024, 2, 860–875
2. Market for intelligent packaging

Unlike active packaging techniques, intelligent packaging
techniques are complicated to understand and implement in
the existing packaging line as they involve deeper knowledge of
product and head space. Intelligent packaging brings in the
concept of representing dynamic shelf life of a packed product
by interacting with the product's head space. In simpler words,
IP allows the customer to know whether the product was stored,
handled, and transported in appropriate conditions.9 According
to the European Food Safety Authority (EFSA), intelligent
packaging is dened as materials and articles that monitor the
condition of packaged food or the environment surrounding
the food and can communicate the condition of the product by
not interacting with the product directly.10

A recent report on growth of the smart packaging market
revealed that in 2021 it had a market potential of USD19.33
billion and is expected to grow at a CAGR of 6.2% to reach
USD29.45 billion by 2028. With Asia Pacic being the fastest
growing region, IP is expected to lead the smart packaging
market especially in North America and Europe. Although these
smart packaging techniques were rst commercialized in
Japan, in the present-day scenario the United States contributes
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Examples of commercial intelligent packaging systems along with their manufacturers

Intelligent packaging system Trade name Manufacturer

Freshness indicators SensorQ® DSM NV FQSI Inc.
RipeSense Ripesense Ltd
Toxin Guard Toxin Alert Inc.
Fresh Tag® COX Technologies
Raatac VTT and UPM Raatac
Food Sentinel System SIRA Technologies

Time–temperature indicators VITSAB® VITSAB International AB
OnVu™/Coolvu™ Freshpoint Inc./BASF
Best-by® FreshPoint Lab
TopCryo® Cryolog
Traceo® & eO®
Keep-it® Keep-it Technologies
Novas® Insignia Technologies Ltd
CheckPoint® VITSAB
3M™ Monitor Mark® 3M Company
FreshCode® Varcode Ltd
Timestrip® Timestrip Plc
PLUS Timestrip Plc
Tempix® Temptix AB
TempDot® Delta Trak
Thermax® Thermograc Measurements Ltd
WarmMark® Delta Track
SmartDot EVIGENCE SENSORS
Insignia Deli Intelligent Labels™ Insignia Technologies
Fresh-Check® Temptime Corp

RFID Tags Intelligo Schiassi Diamo Scaltole Alle Tue Idee
easy2log® CAEN RFID
CS8304 Convergence Systems Ltd
Intelligent sh box Craemer Group GmbH
Intelligent box Mondi Plc
TempTRIP TempTRIP LLC

Sensors OxyDot-O2xyDot OxySense
Food Sentinel System SIRA Technologies Inc.

Integrity indicators Ageless Eye® Mitsubishi Gas Chemical Co.
Tufflex GS Sealed Air Ltd
Shelf Life Gaurd UPM
Tell-Tab IMPAK
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a whopping USD3.6 billion to the smart packaging market fol-
lowed by Japan ($2.36B), Australia, the United Kingdom, and
Germany. Some of the leading companies that are huge players
in this sector include Sealed Air® Corporation, Amcor Plc
(Australia), Multisorb Technologies (USA), Ball Corporation
(USA), Sysco Corporation (USA), Timestrip PLC (UK), Paksense
Incorporated (USA), and M&G USA Corporation. Some more
examples of commercialized intelligent packaging systems are
summarized in Table 2.
3. Association of food spoilage with
intelligent packaging

Food safety is a pivotal issue in the present day. Food losses and
food wastage contribute signicantly towards food safety.
Therefore, minimizing loss and wastage are the need of the
hour. But how do we comprehend that food is spoiled way
before it develops a visible mold growth or discoloration? Or
how do we know that despite looking withered, food is still
© 2024 The Author(s). Published by the Royal Society of Chemistry
nutritious? Spoilage is characterized by any unacceptable
change in food's sensory properties.11 The process of food
spoilage technically involves various factors like composition of
food, its water activity, its sensitivity to temperature and
sunlight,12,13 but microbial growth is the top contributor of
health concerns.14 Combinations of any trigger points of
spoilage lead to growth of microbes and they release chemical
substances into head space called analytes which can be toxins,
mycotoxins, chemical residues, and gases. Common gases
released during microbial spoilage are CO2 and volatile organic
compounds like alcohols, esters, acids, and biogenic
amines.15,16 Fig. 2 presents the factors affecting food spoilage.

Up until recent times, laboratory techniques like microbial
counting, chemical methods like TVBN and lipid oxidation
tests, sensory tests, and GC-MS tests were performed to nd the
freshness. But these techniques are conned to the laboratory
level, time-consuming and not accessible to the general pop-
ulation.17 Hence the requirement of rapid testing systems that
are cheap, reliable, non-destructive, portable, and available to
Sustainable Food Technol., 2024, 2, 860–875 | 863
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Fig. 2 Critical factors affecting food spoilage during storage and transportation.
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every consumer has risen. Any intelligent sensor or indicator
can detect and track emitted gases by reacting with them. Since
all the analytes released during food spoilage tend to change the
pH of the product, freshness colorimetric indicators that detect
released gases and thus pH of the food are popular intelligent
packaging systems.
3.1. Emphasis on freshness indicators

As already discussed, consumers nowadays focus on quality
information of food. They are conscious about the safety of
food. Fresh and minimally processed food is catchy for brand-
ing of any particular food product on the market. Therefore,
freshness indicators (FI) are an attractive option to integrate
into packaging. FI as the name suggests will represent the
freshness of a product and scientically prove it to the
consumer. Freshness indictors are simple and rapid that
conrm the presence or absence of target analyte with
minimum or no quantitative data.6

Addition of color to this indication will make this reading
visually accessible and hence they are also called colorimetric
indicators. This representation can be done by monitoring head
space gases, microbial metabolites, or storage conditions.
Based on detection principle, time–temperature indicators, pH
indicators, and gas/integrity indicators are considered as FI.18
3.2. Time–temperature indicators

TTIs are a useful tool to record freshness and quality of a food
product. They indicate quality changes and remaining shelf life
of a product by monitoring the collaborative effect of exposed
temperature with time.19 These come under the category of
external indicators as they monitor the external temperature of
packaging and are applied on the outer side of the package.
They contribute to the direct improvement of qualitative anal-
ysis of food and so far are the most popular indicating
systems.20 From activation to termination, the duration of time
taken will indirectly give the remaining shelf life usually by
changing the color of the TTI. Mechanisms for activation of
TTIs are mainly based on enzymatic, microbial, electro-
chemical, and chemical reactions. Accurate prediction of
spoilage time is achieved by mathematical and kinetic model-
ling of one or more parameters of food. TTIs are engineered in
a way to respond precisely to these mathematical parameters
and reect parallelly which can then be translated into quali-
tative deterioration of food.21
864 | Sustainable Food Technol., 2024, 2, 860–875
3.3. Gas indicators

Gas proling of a package's head space plays an important role
in keeping food fresh. Also, timely monitoring of these gases is
necessary to ensure the safety of food. During the process of
aging or spoiling, certain gases are released into the head space.
Permeation of gases through the packaging can also change the
concentrations leading to unwanted food spoilage. Pinholes in
the package, improper sealing, improper barrier properties,
counterfeiting, and mishandling will also lead to gas accumu-
lation in the headspace.22 Among various gases, oxygen, carbon
dioxide, and biogenic amines are the common culprits to
disturb the integrity of packaging. Hence indicators that
monitor these gases in a product's head space are also called
integrity indicators. Increase in concentration of amines or CO2

indicates the presence of microbial metabolites. Increased
percentage of oxygen in headspace leads to lipid oxidation,
accelerating respiration and growth of aerobic microbes which
indirectly changes color, avor and odor of food. These indi-
cators are in-packet indicators that are colorimetric in nature.23

Gas indicators are developed in the form of labels, printable
inks, tablets, and lms. Most of the oxygen indicators use redox
chemical compounds as reactants to undergo instantaneous
oxidation and change color. Dyes like anthraquinones, methy-
lene blue and 2,6-dichloroindophenol and reducing agents like
sugars and alkaline compounds are the typical constituents of
oxygen indicators. CO2 indicator strips were developed with
lysine, 3-polylysine and natural colorants. Remaining gases like
H2S are analyzed typically using electrochemical sensors.24

Usage of integrity/gas indicators are dominantly found in
vacuum packaging andmodied atmospheric packaging. These
indicators ensure that a product is protected from even negli-
gible concentrations of undesired gas during its shelf life.25 Of
concern for some oxygen indicators is the use of harmful
chemicals that can migrate to food very easily. A lot of interest
was piqued in replacing these chemical dyes with natural
colorants that are sensitive to oxygen.

3.4. pH indicators

Changes or uctuations in pH of a food product are an indirect
quality determination factor. Growth of microbes, release of
undesired metabolites, organic acids and gases result in irre-
versible changes in color, avor, odor, and pH of food.26

Regardless of the reason for spoilage, pH is a common factor
that uctuates with the freshness of food and can be easily
identied without quantication. Monitoring the gases,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Statistical data on total papers published since 2005 on using
anthocyanins as pH indicators (topic search and title search) and total
publications on gas indicators applied as intelligent packaging systems.
Data were collected from “Web of Science” database on 7th November
2023.

Fig. 4 Known classification of phytochemicals in plants and their
subclassification of coloring and bioactive compounds.30–32
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metabolites and organic acids in package head space will give
the pH of the product thus helping to understand the freshness
of the product. Statistical data collected fromWeb of Science on
total publications to date on pH indicators and gas indicators
are presented in Fig. 3. A pH indicator generates a trustworthy
color response to quality changes and is cost effective. It is
undemandingly simple to comprehend the quality just by
looking at it with the naked eye, making such indicators
a fascinating technology to develop.
4. Phytochemicals as pH-sensitive
pigments

All the commercially developed pH-sensitive freshness indica-
tors incorporate chemical or synthetic pH-sensitive dyes. Some
commonly known and widely used synthetic pH-sensitive dyes
are bromophenol blue, bromocresol green and purple, chlor-
ophenol red, bromothymol blue, phenolphthalein, and xyle-
nol.27 Unfortunately, the toxicity of these synthetic dyes has
overshadowed their competent pH sensitivity. Short exposure to
these dyes can raise minor issues like allergies, irritability, and
hyperactivity. Prolonged exposure may lead to severe health
concerns.28 By means of exposure, they migrate into the product
and can be ingested by consumers. Strict regulations were set by
several countries on the usage of these colorants in food pack-
aging. These circumstances have led to the exploration of non-
toxic pH-sensitive dyes. Color is an integral part of our vast
nature. These colors are sourced from plants, minerals,
microbes, and animals. Among them, plants and their parts are
abundant sources of colors. From leaves to roots, owers to
fruits, vegetables to peels have coloring compounds in them. All
the colorants that are found in plants come under the category
© 2024 The Author(s). Published by the Royal Society of Chemistry
of phytochemicals which contribute to the color, antioxidant,
anti-inammatory, anti-diabetic, and anti-cancerous properties
of plants. Simply, phytochemicals are biologically active natural
chemical compounds that protect plants from external adverse
factors. To date, exact classication of phytochemicals has not
been done owing to their diverse structures.

The known categorization and subcategorization of phyto-
chemicals is represented in Fig. 4. Among them, phenolics are
abundantly available in plants (∼45%). Classied as coloring
compounds in phytochemicals are anthocyanins (avonoid
derivative), carotenoids (isoprenoid derivative/terpenoids),
chlorophyll II (pyrrole derivative), and betalains (nitrogen
heterocyclic derivative/alkaloids).29 All these coloring
compounds are capable of imparting color on addition and are
pH sensitive because of their chemical structure. Materials from
the group of phenolic acids and avonoids, especially antho-
cyanins, are studied as pH-sensitive compounds. Their poten-
tial in indicating the freshness of a food product was
determined.
4.1. Phenolic acids

Phenolic acids are simple phenols with carboxylic acid groups
with two structures, hydroxycinnamic and hydroxybenzoic
structures. A list of phenolic acids is presented in Fig. 4 and
their structures are shown in Fig. 5. Plant phenolics share
several similarities with alcohols possessing aliphatic struc-
tures, but the inclusion of an aromatic ring and the presence of
a hydrogen atom in the phenolic hydroxyl group render them
relatively weak acids. These compounds are recognized for their
diverse range of functions, which encompass roles in plant
growth, development, and defense, while also yielding positive
effects for humanity.33 Phenolic compounds are known for their
widespread biological applications like therapeutics, cosmetics,
and food add-ons. Phenolic acids are the major antioxidant
supplements in human diet.34 Many of them absorb light in the
Sustainable Food Technol., 2024, 2, 860–875 | 865
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Fig. 5 Chemical structural representation of the common phenolic acids (hydroxybenzoic acids, hydroxycinnamic acids) and a few flavonoids.
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UV region and provide protection from solar radiation. Some of
them are soluble in water, some in organic solvents but large
molecules like lignin are insoluble.35 Commonly found and
explored benzoic acids are gallic acid, salicylic acid, and p-
hydroxybenzoic acid, and cinnamic acids are ferulic acid, caffeic
acid and p-coumaric acid. All these phenolic acids are identied
in root exudates, leaf leachates and residues of decomposing
plant in either bound or free form.36 Phenolic acids are most
known and used for their antioxidant properties, free radical
scavenging, breaking radical chains and chelating metals.37 The
property of scavenging free radicals was taken advantage of in
food packaging applications and they were employed as natural
non-toxic oxygen scavengers to replace metal scavengers.38–45

However, studies on their pH sensitivity and their application in
indicating systems are barely reported, leaving it a potential
option to explore.
4.2. Flavonoids

Flavonoids are the secondary metabolites of a plant that
participate in biological and non-biological responses of plants
like developing color and protecting from bacteria or fungi and
UV radiation. They also participate in plant growth, energy
transfer, photosynthesis, and morphogenesis. The skeletal
structure of avonoids includes a minimum of 2 or 3 aromatic
rings bearing one or more hydroxyl groups. The chemical vari-
ations of these avonoids are characterized using degree of
methoxylation or other substances in A, B, and C rings. Flavo-
noids contain a characteristic C6–C3–C6 structure, with free
hydroxyl groups attached to aromatic rings as represented in
Fig. 6. There are nearly 9000 avonoid compounds identied so
far.46 Some of the important pharmacological uses of avonoids
866 | Sustainable Food Technol., 2024, 2, 860–875
include antioxidant, antimutagenic, anti-inammatory, che-
moprotective and photoresponsive.47

Anthocyanins, a subclass of pigmented avonoids, are the
largest group of water-soluble pigments of the plant kingdom
that impart color to owers, fruits, and roots ranging from
orange-red to purple-blue hues.48 Anthocyanins can be both
electrophilic and nucleophilic depending on the reacting
medium. The skeletal structure of anthocyanins comprises di-
or tri-hydroxyl groups attached to B-ring structure of a avylium
cationic avonoid. The complex conjugated double bond
structure of anthocyanins allows them to absorb light in the
visible region, particularly between 520 and 570 nm which is far
from the range of other polyphenolic compounds.49 A wide
range of colors are displayed by anthocyanins depending on the
degree of hydroxylation and substituted groups in their struc-
ture, usually red, blue, and purple.50 There are six different types
of anthocyanins that are predominantly found in nature: del-
phinidin, petunidin, malvidin, cyanidin, pelargonidin, and
peonidin, which have the same basic skeletal structure but
differ in functional groups attached.51 These compounds are
non-toxic and considered to have health benets as they exhibit
excellent physiological, anti-inammatory, and antioxidant
properties making them a potential part of human diet.52 These
compounds are water-soluble and, unlike chlorophyll, they can
be extracted effortlessly.53 With wide variations in color,
anthocyanins are used as natural colorants for the food and
cosmetics industries as well. Anthocyanins are highly sensitive
to pH changes. Color change occurs due to the electron delo-
calization of anthocyanins when exposed to a high concentra-
tion of hydroxyl, i.e., at a high pH. These compounds' sensitivity
to pH was turned into a useful mechanism that can react with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Six different types of anthocyanins found commonly in nature. Depending on R3, the color and absorbing wavelength of the anthocyanin
change.

Fig. 7 Structural changes of anthocyanin-3-glucoside when subjected to electrophilic and nucleophilic attack and exhibited color with respect
to pH.
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acid or basic vapors released from spoiling food thus changing
their structure and hence indirectly determining the pH of food.
Structural changes of anthocyanins at different pH are sche-
matically presented in Fig. 7 (de Freitas & Mateus, 2006;
Houghton et al., 2021).54,55 A major setback faced by these
compounds in applying them as pH indicators is their inherent
instability to heat, oxygen and light.56

4.3. Extraction methods for phytochemicals

In the literature, there are several methods proposed and
developed for the extraction of plant phytochemicals. Most
phytochemicals are extractable and exist in the outer layer of
cell walls which is easy to break with simple solvents, temper-
ature, and mechanical damage. Polyphenols are generally more
hydrophilic than lipophilic owing to their phenolic nature.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Therefore, free polyphenols can be facilely extracted by simple
solvents such as water, methanol, ethanol, acetonitrile and
acetone, or by their mixtures. Extracts with higher amounts of
coloring compounds like anthocyanins can be obtained by
using acidied organic solvents.57 Some key parameters that
affect the yield of extraction are extraction time and tempera-
ture, solvent to source ratio, choice of solvent, number of
repetitions, pretreatments, and targeted polyphenol. The main
purpose of optimizing these parameters is to minimize degra-
dation of polyphenols and increase yield.58 Selection of solvents
and their ratios can signicantly affect the extraction yield
depending on the polarity of the solvent. Polar solvents like
water, ethanol, methanol, and acetic acid are used for extraction
of polar compounds like avonoids and non-polar solvents like
hexane, benzene, toluene etc. for non-polar compounds like
Sustainable Food Technol., 2024, 2, 860–875 | 867
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Table 3 Advantages and disadvantages of techniques employed in extraction of polyphenols from plants

Techniquea Advantages Drawbacks

Maceration and SE � Can use any type of solvent for extraction � Prolonged extraction time
� Minimal damage to chemical compounds � Destruction of thermolabile compounds
� Both batch and continuous process � Might cause oxidative stress on phenols

DESE � Eutectic mixture of two or more solvents to
give low-volatility, high-solubility and low-cost
materials

� High viscosity compared to organic solvents

� Non-ammable and non-volatile extraction
process

� Can also dissolve lipophilic substances

� Efficient when combined with UAE, MAE � Reacts with target compound using hydrogen
bonding altering its properties

SCFE � Minimal usage of organic solvents � Lower diffusion rate
� Reduced extraction time � Requires higher pressure of SC uids
� Maximum degree of separation � CO2 cannot always be the solvent
� Continuous process � Inconsistency in reproducibility
� Easy recovery of solvent
� Cost-effective handling

UAE � Easy to use � High-frequency waves can degrade
polyphenols

� Rapid extraction rate � Rapid increase in temperature can cause
volatile solvent losses

� Least time-consuming
� Economically viable
� Lowered wastes
� Increased mass transfer due to deeper
penetration of sound waves

MAE � Reduced time of extraction � Expensive setup compared with UAE
� Lower solvent consumption � Usage of organic solvents like methanol
� High-quality yield with high rate � Extraction efficiency is lower in the case of

non-polar solute and higher viscosity solvent
� Decreased by-product pollution � Unsuitable for thermally liable compound

extraction
� Accelerated extraction due to impact of
microwave radiation on cell walls

PLE � Faster extraction � Incomplete extraction in static mode
� Enhanced penetration of solvent into deeper
cell wall matrix

� Lower recovery of polyphenols at higher
temperatures

� Increased solute diffusion due to decreased
viscosity

� Need sophisticated and automated equipment
(expensive)

a DESE: deep eutectic solvent extraction; SCE: supercritical uid extraction; UAE: ultrasonication-assisted extraction; MAE: microwave-assisted
extraction; PLE: pressurized liquid extraction.
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terpenoids.59 Soxhlet extraction, maceration and percolation are
the conventional extraction techniques that have been used for
more than a century to isolate polyphenols. New techniques like
supercritical uid extraction, microwave-assisted extraction,
ultrasound-assisted extraction, pressurized liquid extraction,
and deep eutectic solvent extraction have been studied for the
last few decades.60 When a suitable solvent is selected, higher
extraction yield depends on the increased mass transfer rate,
larger diffusivity coefficient, smaller particle size, increased
temperature, decreased viscosity of solvent, and larger surface
area.61 Some advantages and disadvantages of all thesemethods
are summarized in Table 3.

Although new advanced technologies were proven to involve
minimal extraction time, the damage that can occur to phyto-
chemicals due to strong radiation, sound waves, pressure and
temperatures is inevitable in the case of poor optimization.
These techniques do not necessarily involve organic solvents for
extraction but are relatively expensive in terms of energy
868 | Sustainable Food Technol., 2024, 2, 860–875
consumption, equipment costs and handling. Whilst conven-
tional methods involve longer time for extraction, the extract
will have highest yield with undamaged phytochemicals and
they are also economically reasonable. Hence, maceration is
used in this contribution for extracting avonoids. Also, in
order to reduce the usage of organic solvent, water was
preferred as solvent and also a mixture of ethanol and water was
also studied.
4.4. Colorimetric pH indicators using phytochemicals for
smart food packaging

Consequently, freshness indicators based on pH-sensitive dyes
are a practical solution. Embedding these pH-sensitive dyes into
a solid support matrix and applying as either a label or a lm is
widely adopted in current researches.62 Innovative progress has
been made by researchers in the last two decades in developing
pH indicators using anthocyanins (avonoids). Some of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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most recent publications based on anthocyanins as freshness
indicators (pH and gas indicators) are discussed in the
following text. Common sources of anthocyanins were purple
sweet potato, black rice, blackberries, mulberries, black plum,
red cabbage, purple tomato, purple corn, black carrot, litchi
shells63 etc. When applied to monitor the freshness of poultry
meat, red meat, and seafood, the color changes observed for
these anthocyanins are of diverse hues and relate to the
slightest change in food pH.

Black rice extract was employed to develop a pH indicator by
using a pectin and chitosan copolymerized matrix that changed
its color from red to blue to yellow from acidic to basic
medium.64 Amylose sourced from barley was used to trap red
cabbage anthocyanins and studied for its light stability. The
color changed from red to purple to dark green within a minute
of exposure to pH conditions.65 The same anthocyanins were
added to sodium alginate hydrogel matrix and a cryogel was
developed to act as promising pH indicator for chicken llet
freshness monitoring.66 Black soyabean seed coat anthocyanins
were extracted and incorporated into sodium alginate lm
matrix and applied as a pH indicator to monitor meat fresh-
ness.67 Another efficient source, plum peel extract, was added to
sodium alginate/gelatin composite and studied as a pH indi-
cator label for chicken freshness.68 A combination of two
different avonoids, anthocyanins from Hibiscus sabderiffa L.
and curcumin, were loaded into a gelatin matrix. The label
changed its color from reddish brown to dark brown indicating
the spoilage of shrimp.69 A bilayer lm was fabricated with
several biopolymers by Huang et al.123 The innermost layer was
added with mulberry anthocyanins for freshness detection of
shrimps and remaining layers give an additional protection to
shrimps and to anthocyanins from oxygen. This lm changed
its color from pink to yellow in response to pH and volatile gases
in the head space.70 Betacyanins also proved to be excellent pH
indicators in combination with anthocyanins for pork freshness
monitoring. This combination was added to polyvinyl alcohol
and sodium carboxy methyl cellulose matrix that changed its
color form pink to green when the pH of pork increased to 6.05
from 5.99 within 8 hours.71 Red cabbage anthocyanins were also
employed as time–temperature freshness indicators in a cellu-
lose matrix.72 A uorescent pH indicator was developed using
Lycium ruthencium anthocyanins and carbon dots embedded in
a cellulose nanober/polyvinyl alcohol matrix which changed
its color from pink to blue to green to yellow when applied to
monitor the freshness of shrimps.73

Incorporating anthocyanins into a lm matrix is not the only
option for employing them as pH indicators. Different forms of
pH indicating systems have been reported in the literature like
gels, membranes, and nanober mats. A gelatin matrix was also
used to fabricate a nanobrous membrane incorporated with
red radish anthocyanin extract that changed its color from pink
to yellow with the spoilage of meat. A bacterial cellulose nano-
brous mat entrapped with saffron anthocyanins and curcumin
was fabricated to detect the freshness of sh stored at 4 °C for 4
days. The nanober mat changed its color when pH increased
from 6.38 to 7.39.74 A comparative study between nanober
mats and solvent-cast lms made out of PVA and k-carrageenan
© 2024 The Author(s). Published by the Royal Society of Chemistry
loaded with corn ower anthocyanins was performed to
monitor shrimp freshness. The brous mat changed its color
from pink to white and mint green through shrimp spoilage
whereas the lm's color change was from heather violet to
brown to olive yellow.75 Red grape anthocyanin extract was
added to a cellulose/salep copolymer and an irreversible pH-
sensitive aerogel was developed to monitor the freshness of
meat for 6 days. The color change was very prominent from
purple to blue-gray to dark brown through the spoilage period.76

Chitin nanobers and gelatin composite with barberry and
saffron petal anthocyanins was developed for sh freshness
monitoring.77 All the literature discussed so far has sourced the
anthocyanins from edible sources or parts of edible fruits,
vegetables, or grains. Less focus has been given to ower
anthocyanins despite their outstanding coloring properties. A
few research publications where owers were used to extract
anthocyanins and studied for pH indicating systems are tabu-
lated in Table 4.

Anthocyanins can also be applied as pH indicators aer
encapsulating them in several biopolymeric materials. The
process of encapsulation is theorized to increase the thermal
and oxidative stability of anthocyanins during storage and
transportation. But encapsulated anthocyanins have seldom
been applied as pH indicators in food systems in the litera-
ture.78 Most of the studies were on analyzing the storage
stability and on in vitro gastric release kinetics.79–81 Alginate or
alginate in combination with other polysaccharides, reinforced
with nanoparticles were the abundantly found shell materials
for encapsulation in published research.81–84 Emulsication
techniques were also used for micro- and nano-encapsulation of
anthocyanins but were not really developed for freshness indi-
cating purposes.85–88 Encapsulation was preferably done with
biopolymers to serve the purpose of disintegration for in vitro
studies. These kinds of so-shell materials cannot be used in
real-time food systems as pH indicators, as they do not possess
any mechanical strength and can easily be destroyed during
packing. Also, hydrophilic polymeric beads cannot be applied in
high-water-activity food as moisture may disintegrate them and
lead to leakage of anthocyanins into food systems without
serving their purpose. Hence there is a need to explore potential
biopolymers that can encapsulate anthocyanins and retain their
structure in any condition, also retaining the pH sensitivity of
the anthocyanins.
4.5. Biopolymers in pH-responsive indicators

Any freshness indicator comprises a supporting matrix and
a pH-sensitive dye. Along with improvements, packaging has
also been criticized based on environmental concerns. So, using
conventional polymers to make pH-sensitive labels is not rec-
ommended at this point of time. Also, when trying to replace
synthetic pigments with natural colors, it is to be noted that
phytochemicals are thermolabile and hence cannot withstand
the operating temperatures of conventional plastics. Another
important factor that demands the usage of biopolymers to
entrap natural pigments is that the majority of these natural
compounds are water soluble. New ways to employ
Sustainable Food Technol., 2024, 2, 860–875 | 869
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Fig. 8 Detailed classification of biopolymers based on biodegradability with some examples and other biodegradable polymers that are sourced
from petrochemicals with structural representations.
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a combination of natural pigments and biodegradable polymers
represent potential research opportunities. A typical chart of
classication with regards to biopolymers is shown in Fig. 8.
Any polymer that is derived from living matter is considered as
a biopolymer. Biosynthesized polymers are those that are
produced by microbial activity and biobased polymers have
monomers that originate from bio-sources and are chemically
synthesized at some stage. Biomass-derived polymers are ob-
tained from the concentrate of biomass like plants, animal, and
their waste.89

Cellulose and chitosan are the two prime abundantly avail-
able polysaccharides in nature. Starch, pectin, alginate, carra-
geenan, gums and their derivatives follow them. Protein-based
polymers like corn zein, collagen, wheat gluten, and gelatin are
also frequently used for packaging applications.90 Since poly-
saccharides are the most plentifully available biopolymers, they
bring a huge scope to engineer them to replace non-
biodegradable plastics. They have an excellent lm-forming
capability ranging from opaque to transparent. The downsides
of these polymers are their high hydrophilicity, weak mechan-
ical strength and poor barrier properties.91 Biodegradable
synthesized polymers (PVA, PLA, PBAT, PBS, PCL) are used in
combination with polysaccharides or proteins to enhance their
mechanical and barrier properties. In this contribution, a few
polysaccharides and their derivatives, combinations of poly-
saccharides or with synthesized polymers were explored as
potential carriers of anthocyanins to act as pH indicator
systems. A detailed description of polysaccharides and combi-
nations chosen, their pros and cons were given in each indi-
vidual chapter in the introduction section.
© 2024 The Author(s). Published by the Royal Society of Chemistry
5. Challenges during application as
pH indicators

The versatile hues and attractive color-changing ability have
marked anthocyanins as excellent pH indicators. What
concerns their application in real food systems is their stability
to storage conditions. Whilst their instability to pH is the key for
indicators, they also are unstable to factors like temperature,
light and oxygen whose variations are usually the case for
packed food throughout its shelf life.117 Structural changes due
to pH are reversible whereas exposure to temperature, light and
oxygen destroys the structure leading to degradation, changing
the colour to brown or yellow. Anthocyanins extracted from
different sources have different degradation temperatures
usually ranging from 30 °C to 50 °C.118

Thermal and oxidative stabilities of anthocyanins are most
studied in the literature. It is reported that thermal degradation
of anthocyanins is dependent on certain factors like pH, co-
pigmentation and raw material. Cyanidin-3-glycoside and
pelargonidin-3-glycoside are highly vulnerable to heat owing to
their substitution at R0

3 and R0
5 positions.119 Usually, they are

stabilized to temperature by the process of methylation or acet-
ylation. Acylation of anthocyanins with organic acids makes
them resistant to heat and inhibits degradation.120Higher degree
of acylation in delphinidin makes blue anthocyanins called ter-
natins very stable to temperature. Co-pigmented anthocyanins
are most used in pH indicating systems with increased thermal
stability. Phenolic acids like gallic, rosmarinic,121 caffeic,122

tannic, catechin, p-coumaric and chlorogenic acids have been
reported widely in the literature.123 Oxalic acid124 was used with
Sustainable Food Technol., 2024, 2, 860–875 | 871
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roselle anthocyanins and applied as a freshness indicator for
shrimps, and maleic acid125 and chondroitin sulphate126 were
combined with blueberry anthocyanins and used for detection of
biogenic amines in shrimp spoilage.

Addition of metal cations was also examined to improve the
thermal stability of anthocyanins. For instance, Fe3+ was mixed
with goji berry anthocyanins and analysed for its efficiency as
a CO2 indicator for chicken spoilage detection. The color of the
indicator changed from dark green to greyish blue.127 To
monitor the freshness of chicken llet, Cu2+ was used for metal
complexation with red cabbage anthocyanins by changing its
colour from purple to blue.128 Encapsulation of anthocyanins is
also a popular technique to increase their storage stability, but
has not been explored for pH indicators in real food systems.129

An increased thermal stability was claimed by Li et al., 2023,
where zein and anthocyanin nanoparticles were formed in
media of different pH and analysed for their stability at 60–
90 °C.129 Improving the photostability of anthocyanins for pH
indicators remains least explored. It is understood from the
literature that using anthocyanins in freshness indicators
requires care during handling and storage.

6. Conclusion and future scope

Flavonoids are abundantly available in nature and held mainly
responsible for imparting color to plant parts. Several extraction
techniques have been used recently for efficient separation of
these compounds to use them as natural food colorants and as
pH indicators. Despite the advantages they still lack upgrada-
tion as pH indicators owing to their poor stability to thermal,
oxidative and photo stresses. Many research articles have only
shown the positive side of these indicators, but some gaps need
to be addressed in future research. Apart from complex avo-
noids, simple polyphenolic acids are expected to have an
excellent potential to be pH-sensitive compounds but remain
unexplored for this property. Sources of polyphenols extracted
and used in developing pH-sensitive indicators are mainly from
esh and peels of fruits and vegetables. Usage of perfectly edible
parts of a plant is not encouraged as they are a part of human
nutrition. Polyphenol-rich waste ower sources remain
unmapped due to lower extraction yield and thermal and
oxidative instability despite their brilliant hues. The disadvan-
tages of using biopolymer matrices to embed polyphenols must
be overcome as the shelf life of pH-sensitive labels cannot be
predicted owing to the inferior properties of biopolymers in
terms of moisture resistance and water solubility. Degradation
of natural colorants due to thermal and oxidative stresses must
be dealt with by stabilizing them in their raw form and also aer
their employment in pH indicating lms.

Author contributions

Konala Akhila: manuscript writing – original dra, visualiza-
tion, data curation. Dakuri Ramakanth: formal analysis, gures,
and review. Lingala Lakshman Rao: formal analysis, gures,
and tables review. Suman Singh: visualization, data curation,
and editing. Kirtiraj K. Gaikwad: conceptualization, manuscript
872 | Sustainable Food Technol., 2024, 2, 860–875
editing and review, supervision, project administration, fund-
ing acquisition.
Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
appeared to inuence the work reported in this paper.
Acknowledgements

Author Konala Akhila would like to thank the Ministry of
Education (MoE), Government of India, and Indian Institute of
Technology Roorkee for providing resources. Author K.K.
Gaikwad would like to thank the Indian Institute of Technology
Roorkee.
References

1 C. M. Fernandez, J. Alves, P. D. Gaspar, T. M. Lima and
P. D. Silva, J. Sci. Food Agric., 2023, 103, 986–1003.

2 K. Ganeson, G. K. Mouriya, K. Bhubalan, M. R. Razifah,
R. Jasmine, S. Sowmiya, A. A. A. Amirul, S. Vigneswari and
S. Ramakrishna, Food Packag. Shelf Life, 2023, 36, 101044.

3 J. H. Han, Innovations in Food Packaging, 2nd edn, 2014, 3–
12.

4 E. Drago, R. Campardelli, M. Pettinato and P. Perego, Foods,
2020, 9, 1628.

5 J. Zhang, S. Liu, C. Xie, C. Wang, Y. Zhong and K. Fan, Crit.
Rev. Food Sci. Nutr., 2023, 1–20.

6 K. A. M. O’ Callaghan and J. P. Kerry, Food Packag. Shelf Life,
2016, 9, 1–9.

7 J. Alves, P. D. Gaspar, T. M. Lima and P. D. Silva, J. Sci. Food
Agric., 2023, 103, 1004–1020.

8 H. Youse, H. M. Su, S. M. Imani, K. Alkhaldi, C. D. Filipe
and T. F. Didar, ACS Sens., 2019, 4, 808–821.

9 P. Müller and M. Schmid, Foods, 2019, 8(1), 16.
10 L. Gram, L. Ravn, M. Rasch, J. B. Bruhn, A. B. Christensen

and M. Givskov, Int. J. Food Microbiol., 2002, 78, 79–97.
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Applications of Industrial Biomaterials, 2017, pp. 139–160.

89 J. Rydz, M. Musiol, B. Zawidlak-Wegrzyńska and
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