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Summary Recently, the assimilation of pH-sensitive natural pigments into biopolymers has shown promising pros-

pects for pH-reactive based smart packaging material. Unlike synthetic pigments, which have potential

safety problems due to migration, natural pigments have negligible toxicity levels both to humans and the

environment and some even possess nutritional and pharmacological properties. To complement the

advantages of natural pigments, natural biopolymers have proven to be ideal candidates for the develop-

ment of smart packaging because of their biocompatibility, availability, biodegradability, stability, mini-

mum toxicity and good film-forming capability. Smart packaging gives consumers real-time signals on the

quality of packaged food via food deterioration indicators like pH alteration. This review will consider

the recent progress in the development of pH-responsive smart packaging based on natural pH-sensitive

pigments and natural biopolymers from 2013 to the present. It will further discuss the challenges and

opportunities of colorimetric smart packaging.
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Introduction

Packaged food undergoes numerous variations during
storage resulting in alterations in the composition of
the micro-environment of the packaged food (Amin
et al., 2022). The variation includes changes in key
food quality parameters such as pH, gaseous composi-
tion, and emission of chemicals such as ammonia,
amines and hydrogen sulphide (Naghdi et al., 2021;
Amin et al., 2022; Liu et al., 2022a). Detection and
identification of these parameters are critical for the
determination of the quality degradation status of
the packaged food. Recently, smart packaging with the
ability to provide real-time evidence of food freshness
during storage has been developed (Bhargava
et al., 2020; Wang et al., 2022). Smart packaging dis-
plays and communicates the changes in the quality or
condition of the packaged food product to consumers
without opening the packaging (Bhargava et al., 2020;
Naghdi et al., 2021; Zhao et al., 2022; Cheng
et al., 2022a). In smart packaging, indicators that detect

changes in a specific compound or a class of com-
pounds are incorporated into a solid matrix, mainly
biopolymers, during the manufacturing of the packag-
ing material (Bumbudsanpharoke & Ko, 2019; Amin
et al., 2022; Azman et al., 2022; Poudel et al., 2023).
The incorporated indicators range from nanomaterials,
synthetic pigments, and natural pigments which exhibit
obvious colour changes depending upon the variation
in stimuli of the packaged food (Poudel et al., 2023). In
respect of smart packaging material, some work has
been carried out on indicators such as time–tempera-
ture, food freshness, humidity and gas to monitor food
quality (Soltani et al., 2021; Liu et al., 2022b; Oun
et al., 2023). However, except for freshness indicators,
the other stated indicators are indirect indicators of
food quality, i.e., they provide data about an extrinsic
factor in food alterations rather than the actual varia-
tions (Azeredo & Correa, 2021). This review’s objective
is to reflect on recent advances, challenges and oppor-
tunities in the application of plant-based natural pH-
sensitive pigments and natural biopolymers in the
development of smart packaging material for food
freshness monitoring.*Correspondent: E-mail: bcdlamini@uj.ac.za
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Food freshness indicators

The application of freshness indicators enables visual
observation of the quality of packaged food by detect-
ing alterations that occur due to microbial proliferation
and presence of their metabolites within the package in
real-time (Ghaani et al., 2016; Schumann & Schmid,
2018; Hwa et al., 2023). The accumulation of microbial
metabolites in food is usually accompanied by variation
in the pH of the food and its micro-environment (Bhar-
gava et al., 2020; Azman et al., 2022). The variation in
pH can be monitored by a costly pH-detector that is
based on an electrochemical potentiometer with pH-
detecting electrodes attached to it (Sobhan et al., 2021;
Xu et al., 2022; Choi et al., 2023). Recently, pH-
responsive pigments have emerged as a simple tracking
technique for pH change in food. They rely on colour
variation that occurs on the indicator as the pH of pack-
aged food is altered during the degradation process
(Becerril et al., 2021; Szadkowski et al., 2022; Oun
et al., 2023). During degradation, the chemical structure
of the packaged food deteriorates due to enzymatic
and microbial reactions (Shao et al., 2021; Xu
et al., 2022; Zhao et al., 2022). Subsequently, numerous
acidic and basic gases like carbon dioxide (CO2),
dimethylamine (DMA), ammonia (NH3), trimethyla-
mine (TMA), hydrogen sulfide (H2S) are produced
and released into the confined micro-environment
(Bumbudsanpharoke & Ko, 2019; Becerril et al., 2021;
Shao et al., 2021; Almasi et al., 2022). The compounds
become concentrated in the package headspace and
gradually interact with the natural pH-sensitive-
�biopolymer complex. This interaction alters the struc-
ture of the pH-sensitive pigment resulting in visual
colour changes as illustrated in Fig. 1 (Becerril et al.,
2021; Zhang et al., 2021; Szadkowski et al., 2022; Liu
et al., 2022a).

pH-sensitive freshness indicators that are based on
artificial pigments have been widely used (Bhargava
et al., 2020) due to their colour stability, inexpensive-
ness and simplicity (Wu et al., 2022). These include
bromocresol green, cresol red, bromocresol purple,
methyl red, chlorophenol, xylenol and bromine thymol
blue (Bhargava et al., 2020; Ezati & Rhim, 2020a; Ran
et al., 2021). However, artificial pigments have numer-
ous disadvantages including increased toxicity poten-
tial to both humans and the environment due to their
possible migration into the packaged food and envi-
ronment (Charoensit et al., 2021; Cheng et al., 2022b;
Liu et al., 2022b; Shen et al., 2023). Consequently,
researchers have been investigating the potential of
natural pH-sensitive pigments as alternatives to syn-
thetic dyes (Becerril et al., 2021). The relatively low
toxicity and eco-friendly nature of natural pigments
have made them be increasingly favoured over syn-
thetic dyes (Naghdi et al., 2021; Hamidin et al., 2022;

Kim et al., 2022; Cheng et al., 2022a). Natural pig-
ments have been used in different fields such as textile,
toxicology, and pharmacology as well as in the fish
and dairy industry (Di Salvo et al., 2023).

Sources of natural pigments

Natural pigments can be obtained from microorganisms,
animals and plants (Lian et al., 2019; dos Santos &
Bicas, 2021; Li et al., 2021; Martins et al., 2022; Lan
et al., 2023; Singh et al., 2023). Microbial sources of natu-
ral pigments may include bacteria such as Escherichia
coli, Dietzia natronolimnaea, fungi like Blakeslea trispora;
and yeasts such as Xanthophyllic dendrorhous, Yarrowia
lipolytica, Saccharomyces cerevisiae (Ye et al., 2019; Singh
et al., 2023). Microbial pigments have proven to be non-
toxic and eco-friendly; however, microorganisms require
special growth conditions and time-consuming culturing,
isolation and purification steps (Di Salvo et al., 2023).
Recently, novel classes of natural pigments from marine
animals with potential economic significance have been
recorded (Ye et al., 2019). Edible pigments that have
been extracted from mammals (livestock) are bilirubin
and heme. Despite this, there is limited research and
development in animal pigments (Lan et al., 2023; Shen
et al., 2023). Insects such as ladybugs and cochineal bugs
are also a source of edible pigments like carminic acid
(Renita et al., 2023; Shen et al., 2023; Singh et al., 2023).
Amongst the sources of natural pigments, pigments of
plant origin are mostly preferred because of their abun-
dance, easy-accessibility, non-toxicity, safety, and good
pH-responsivity (Aguirre-Joya et al., 2020; Zheng et al.,
2022; Nabi et al., 2023). They can be stored in the plant
roots, leaves, stems, fruits and flowers (dos Santos &
Bicas, 2021; Li et al., 2021; Shao et al., 2021; Ghosh
et al., 2022; Hamidin et al., 2022; Nabi et al., 2023). Plant
pigments are broadly categorised based on their chemical
structure as shown in Table 1.

Classification of pigments from plants

Pyrrole derivatives: Chlorophyll

Chlorophyll is the green pigment that is well known
for the photosynthesis process in green plants, alga
and cyanobacteria. It is distributed largely in the
plant kingdom including green fruits and vegetables
(Zielinski et al., 2021). Chlorophyll is hydrophobic
and it possesses antioxidant, anti-inflammatory and
anti-mutagenic properties (Zheng et al., 2022). The
chlorophyll pigments belongs to the major class of tet-
rapyrroles and it consists of a divalent magnesium ion
attached to its centre (Ghosh et al., 2022; Zheng
et al., 2022). Chlorophyll can be further categorised
into five major classes which are a, b, c, d, e and
f (Ghosh et al., 2022). However, two classes of
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chlorophyll; chlorophyll a and chlorophyll b are pre-
sent in higher plants, while chlorophyll c, d and e are
found in cyanobacteria and algae (Nabi et al., 2023;
Singh et al., 2023). Chlorophyll can change colour eas-
ily due to the variation of external factors such as tem-
perature and pH. At high temperature and under
acidic environment, chlorophyll changes from bright
green to olive green because of the displacement of the
central magnesium ion by hygrogen ions (Zheng et al.,
2022; Parlak et al., 2024). Currenty, chlorophyl pig-
ment is utilised in various industries ranging from cos-
metic, pharmaceuticals and food industry (Nabi et al.,
2023). In the food industry, chlorophylls (E-40) are
mostly used as a natural food colourant and their apl-
lication can be extended to act as natural pH-
responsive food freshness indicator.

Isoprenoid derivatives: Carotenoids

Carotenoids are fat-soluble isoprenoid natural pig-
ments that are widely distributed in nature (Zheng
et al., 2022; Lan et al., 2023). They are found mostly
in fruits and vegetables exhibiting the yellow, orange
and red colours due to their conjugated double bond

chromophores (Ghosh et al., 2022; Rodr�ıguez-Mena
et al., 2023). These pigments are categorised into two
main classes: carotenes and xanthophylls. Their cate-
gorization is based on the variation of the atoms form-
ing their molecular structure. Carotenes consist of only
carbon and hydrogen in their structure, whereas xan-
thophylls consist of oxygen in addition to the carbon,
and hydrogen atoms (Bocker & Silva, 2022). Caroten-
oids are further classified into primary and secondary
carotenoids according to their functionality. The
primary carotenoids are b-carotene, lutein, and zea-
xanthin and the secondary carotenoids consists of a-
carotene, lycopene, and astaxanthin (Bocker &
Silva, 2022; Singh et al., 2023). Even though the two
classes of carotenoids vary in molecular structure and
biological properties, their colourful compound disin-
tegrates under alkaline conditions rendering them suit-
able for incorporation as natural indicators for
monitoring food freshness (Huang et al., 2022).

Flavonoid derivatives: Anthocyanin

Anthocyanins belong to the class of polyphenol-based
flavonoids consisting of glycosylated poly-hydroxy and

Figure 1 An illustration of pH-sensitive indicator mechanism (Becerril et al., 2021).
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polymethoxy structures with two aromatic rings that
are linked by a linear three-carbon chain (Priyadarshi
et al., 2021). They are hydrophilic pigments found in a
variety of flowers, fruits and vegetables. Anthocyanins
are identified by their vibrant purple, red and blue
shades (Ghosh et al., 2022; Parlak et al., 2024). The

most used anthocyanins in food include petunidin,
pelargonidin, peonidin, cyanidin, delphinidin and mal-
vidin (Roy & Rhim, 2021; Parlak et al., 2024). Antho-
cyanins exhibit a unique structure and chemistry,
which renders them highly sensitive to variation in
environmental factors such as temperature, light and

Table 1 Broad classification of pigments of plant origin

Group colour spectrum chemical structure sources Reference 

Triterpenoid 

pigments 

(Carotenoids)

yellow, orange and 

red

β- carotene

(Ghosh, Sarkar 

and Chakraborty, 

2023)

Poly-phenolic 

compounds

red-blue and violet

anthocyanins

(Pandiselvam et 

al., 2023)

green

chlorophyll

(Zielinski et al., 

2021)

Nitrogenated 

compounds

red-violet

betacyanin                          betaxanthin

(Nabi et al., 2023)
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pH (Priyadarshi et al., 2021). Their sensitivity affects
their stability and colour. Anthocyanins are more sta-
ble in acidic pH (1–3) where they exist as flavylium
cations exhibiting a red or orange colour (Zheng
et al., 2022). Increasing the pH results in the genera-
tion of colourless species of carbinol pseudobase and
chalone, which slowly turns into a purple colour at a
pH 7 (neutral pH) followed by a deep blue colour
under alkaline conditions (pH 8–10). With a further
increase in pH, the colour changes to light yellow chal-
cone (Priyadarshi et al., 2021; Liu et al., 2022a).
Amongst the natural pH-sensitive pigments, anthocya-
nins are the most researched pigments due to their
excellent colour variation and commercial accessibility
(Ghorbani et al., 2021).

Nitrogen-heterocyclic derivatives: Betalains

Betalains are water-soluble nitrogenous plant pigments
that are derived from betalamic acid [4-(2-oxoethyli-
dene)-1,2,3,4- tetrahydropyridine-2,6-dicarboxylic acid]
(Zielinski et al., 2021; Ghosh et al., 2022; Martins
et al., 2022). They belong to two major classes, which
are the yellow-orange betaxanthin and the red-violet
betacyanin (Di Salvo et al., 2023; Rodr�ıguez-Mena
et al., 2023). Betalains are more dominant in the edible
parts of plants such as leaves, flowers and stems
(Ghosh et al., 2022). In the UV region, betaxanthin
and betacyanin exhibit a characteristic absorbance at
the maximum absorption wavelengths of 480 and
540 nm, respectively (Di Salvo et al., 2023). Betalains
have been used as natural food colourant and in drink
formulations and functional foods (Nabi et al., 2023).
This may be due to that their colour is stable over a
wide pH range (3–7). However, betalains rapidly disin-
tegrates in alkaline conditions (Echegaray et al., 2023).
This pH-related colour variation is a desirable prop-
erty for potential application in pH-sensitive smart
packaging.

Polymer support

Smart packaging material is mostly composed of a solid
polymeric base matrix and the natural pH-responsive
pigment which responds to the by-products of food
spoilage process (Almasi et al., 2022; Zheng et al., 2022).
The polymer’s core function is to confine the natural
pH-reactive pigment in the food packaging material
(Zheng et al., 2022). The polymer-natural pigment com-
plex may be achieved either via hydrogen bonding, ionic
bonding, covalent bonding and/or adsorption of pig-
ment to a polymer support (Zeng et al., 2019; Liu
et al., 2022b). Synthetic polymers and biopolymers are
the most used solid supports in smart packaging. Syn-
thetic polymers which are mostly petroleum derivatives
have the advantages of being thermal stable, low

production costs, have durable mechanical and barrier
properties (Priyadarshi et al., 2021; G€urler et al., 2023).
However, they are a serious threat to the environment
as they are non-biodegradable, non-recyclable and may
be lethal to some form of life in the ecosystem
(G€urler, 2023; Parlak et al., 2024). Due to these undesir-
able qualities of petroleum-based polymers, recently sci-
entists are focusing on the use of natural biopolymers as
an alternative to synthetic polymers.

Natural biopolymers

Biopolymers are natural polymers sourced from differ-
ent living organisms such as animals, plants, bacteria
and algae (Alizadeh-Sani et al., 2020; Li et al., 2022a,
2022b). Numerous types of biopolymers, such as lipids,
carbohydrates and proteins, have been employed to
resolve ecological problems due to non-degradable plas-
tic packaging waste and to fabricate high-value func-
tional packaging materials (Latos-Brozio & Masek,
2020; Sharifi & Pirsa, 2021; Ran et al., 2022). The most
researched biopolymeric base for pH-sensitive pigments
include carbohydrate-based biopolymers such as starch,
agar, carrageenan, chitosan, cellulose derivatives, and
proteins like zein and gelatin (Priyadarshi et al., 2021).
These biopolymers possess desired properties envisaged
in smart food packaging material such eco-friendliness,
biodegradability, biocompatibility, non-toxic nature
and good film forming ability (Shao et al., 2021; Liu
et al., 2022a; Hwa et al., 2023; Yu et al., 2023). Further-
more, these biopolymers are easily accessible and cost-
effective due to the fact that they can be sourced from
agricultural waste products and abundant algal seaweed
(Priyadarshi et al., 2021; Liu et al., 2022b). Hence, bio-
polymers are a viable alternative for the construction of
natural pH-sensitive based smart packaging.
However, the usage of a single biopolymer matrix

base carries some inherent limitations like poor
mechanical properties and hydrophilic nature of some
of the biopolymers (Liu et al., 2017; Jayakumar et al.,
2019; Kanatt, 2020; Tanwar et al., 2021). The use of
blended polymers is one method that has been
employed to alleviate some of the limitations of indi-
vidual biopolymers. For example, some scientists have
proportionately incorporated biocompatible synthetic
polymers such as polyvinyl alcohol (PVA) into natural
biopolymers (Zeng et al., 2019; Chen et al., 2020; Yao
et al., 2022; Liu et al., 2022a; Akhila et al., 2023). The
resultant blended films exhibited the desired attributes
such improved physical and mechanical structure.
Another method of improving the physico-chemical
properties of biopolymer is the incorporation of nano-
sized reinforcements such as nano cellulose, nanome-
tals and nano-clay (Yu et al., 2021). The incorporation
of nanoparticles into biopolymers does not only
improve the biopolymer’s structure but also enhances
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its biological properties such as antibacterial and anti-
oxidant activities (Alizadeh-sani et al., 2021;
Ndwandwe et al., 2022; Ran et al., 2022; Zheng et al.,
2023a).

Application of natural plant-based pH-responsive
pigment and biopolymers for smart packaging

The desirable and favourable inherent properties for
both natural pigments and natural biopolymers such
as abundance in nature, easy preparation, non-toxicity,
biodegradability and environmental friendliness have
increased the appetite for their application in the food
industry. Lately, researchers have focused in develop-
ing smart packaging material based on natural pH-
sensitive pigments immobilised in biopolymers for
food freshness monitoring in real time (Ezati &
Rhim, 2020b; Ran et al., 2022; Zhang et al., 2023).
This innovation does not only communicate the pack-
aged food’s quality status but it also has the potential
to reduce food waste and food poisoning incidences.
In pH-sensitive smart packaging, food freshness is
determined visually through observation of packaging
colour change. This eliminates the use of invasive,
expensive, complex equipment, laborious and time-
consuming procedures such as sensory evaluation and
microbiological analysis (Ding et al., 2020; Priyadarshi
et al., 2021; Liu et al., 2022b). The recent development
of visual pH-indicator smart packaging technology has
enabled monitoring of food quality from production
to the consumer. Table 2 highlights recent advances in
the application of natural plant-based pH-responsive
pigments and natural biopolymers for smart packaging
technology.

Various polysaccharides and proteins have been
widely used as a polymer base for the immobilisation of
the pH-sensitive-pigments. Amongst the natural pig-
ments, anthocyanins are mostly investigated as pH-
sensitive indicator because of their wide colour variation
in different pH environments (Echegaray et al., 2023;
Shi et al., 2023). Anthocyanins at different concentra-
tions (0, 10, 15, and 20 wt% based on chitosan weight)
were immobilised in chitosan by Yan et al. (2021). The
developed chitosan-anthocyanins polymer composite
was used to monitor fish freshness. It was observed that
the pH varied as the fish freshness deteriorated. The pH
variation corresponded with colour change of the
chitosan-anthocyanin composite from purple/blue to
dark green when the fish was completely decayed. Other
researchers incorporated anthocyanins in carboxy-
methyl cellulose (Sani et al., 2021), locust bean gum
(Fathi et al., 2022b), gelatin (Mousazadeh et al., 2021),
and soy protein isolate (Ran et al., 2022). These fabri-
cated smart packaging materials were used to monitor
real food samples and a visible colour variation was
observed as the packaged food deteriorated. Betalains,

another group of plant-based pH-sensitive pigments,
have also been studied for their potential application as
pH-responsive pigments in smart packaging for food
freshness monitoring. In a study by Naghdi et al. (2021),
Bougainvillea glabra was used as a source of betalains.
The betalains were incorporated into potato starch to
fabricate a pH indicator film for real-time monitoring of
fish freshness. The film changed colour from pink to yel-
low, indicating the quality degradation of the monitored
fish. Curcumin is another emerging natural pigment
with potential application in smart packaging. Curcu-
min consists of pH-responsive enols and ketones with
colour variation ranging from yellow in acidic pH to red
with increase in pH (up to 8), while in more basic pH,
its colour changes to brown (Echegaray et al., 2023; Liu
et al., 2023). Fathi et al. (2022a) blended pectin and
polyvinyl alcohol and then added curcumin for fish
spoilage monitoring. The resultant packaging did not
only exhibit improved physico-chemical properties but
it also indicated the packaged fish quality. The initial
colour of the film was yellow for fresh fish which chan-
ged to red for deteriorated fish quality. Alizarin presents
a red colour at natural pH and at acidic pH, the red col-
our changes to yellow due to oxygen anions generation
in its structure. An increase in pH results in creation of
intramolecular hydrogen bonds between carbonyl oxy-
gen atoms and hydroxyl groups of alizarin leading to a
purple colour (Echegaray et al., 2023). An alizarin-
based smart film was developed by Ezati et al. (2019b)
and it was used to indicate minced beef freshness status.
As the storage time of the packaged minced beef
increased the colour of the film changed from brown to
purple indicating changes in the quality status of the
minced beef. Shikonin, a naphthoquinone pigment is
another pH-responsive natural pigment that have also
been studied for potential use in smart packaging devel-
opment. Ezati et al. (2021a, 2021b) incorporated shiko-
nin into cellulose biopolymer at 0.1% w/v and used the
developed smart film for fish and pork quality monitor-
ing. The colour of the packaging was initially light
brown, which changed to purple as the food products
quality deteriorated.
Additionally, plant-based pH-sensitive pigments smart

packaging with improved functionality has been achieved
by incorporating antimicrobials and/or antioxidants into
the biopolymer thus extending the shelf-life of the pack-
aged food (Sani et al., 2021; Abedi-Firoozjah et al.,
2023). These additives may include nanoparticles from
inorganic and organic sources. For example, Mousaza-
deh et al. (2021) enhanced the antioxidant property of a
gelatin-anthocyanins based smart packaging material by
integrating zinc oxide nanoparticles. The latter nanopar-
ticles were incorporated into soy protein-anthocyanins
based packaging material resulting in an smart film with
antioxidant and antimicrobial activities (Ran et al.,
2022). In another study, titanium dioxide nanoparticles
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were added into betalains/locust bean gum/PVA/agar
hybrid film to improve its antimicrobial and antioxidant
capabilities (Yao et al., 2022). There are various other
nanoparticles that have been added into polymer and
plant-based pH-sensitive composites including mesopor-
ous silica nanoparticles (Kong et al., 2023), ovalbumin-
carboxymethyl cellulose nanocomplexes (Liu
et al., 2022a), Quercetin-loaded chitosan nanoparticles
(Dong et al., 2023), Curcumin/zein/epigallocatechin gal-
late/carrageenan nanoparticles (Han et al., 2023), and
amylopectin nanoparticles (Zheng et al., 2023b).

Effectiveness of plant-based pH-sensitive smart
packaging

To further establish the effectiveness of natural pH-
responsive-based smart packaging as food freshness
indicators, its application potential has been verified on
different real food samples. Ezati et al. (2019a) devel-
oped an alizarin-based starch/cellulose (ASC) film,
which was further used to monitor fish freshness. The
initial pH value of fish samples was recorded as 6.24
and it progressively increased with storage time up to 7
in day eight. Also, the total volatile basic nitrogen
(TVB-N) was also monitored and it was recorded as
13.53 mg/100 g (fresh fish), which was below
25 mg/100 g (spoiled fish). The TVB-N value of the fish
increased up to 27.26 mg/100 g on day 8 which was an
indication of fish decay. During the storage period, ASC
indicator exhibited an orange colour at fresh stage of
fish and it was bright brown in colour at the best eat
stage. Finally, the ASC indicator exhibited a reddish-
brown colour confirming fish quality deterioration. In
another study, anthocyanins in in three different con-
centrations were immobilised in a starch polymer. The
fabricated anthocyanins/starch films were used to moni-
tor pork freshness status for 48 h. The initial TVB-N of
fresh pork was recorded and it was 6.56 mg/100 g which
gradually increased to 41.19 mg/100 in 48 h. The
increase in TVB-N corresponded to an increase in pH
value from 5.96 to 7.45 after 48 h. It was observed that
as the TVB-N and pH values of the pork varied, also,
the colour of the starch-anthocyanins films varied from
pink/red/purple to green/yellow after 48 h. It was fur-
ther noted that the film without anthocyanins presented
no obvious colour change while the films with anthocya-
nins, their colour intensity improved with increase in
anthocyanins concentration incorporated, suggesting
that anthocyanins-starch composite films can be used
for meat freshness monitoring (Qin et al., 2019). Other
similar studies whereby the efficiency of pH-responsive
smart films was evaluated in real-food applications such
as fish (Sani et al., 2021; Yan et al., 2021; Bao
et al., 2022; Dong et al., 2023), pork (Cao et al., 2023),
chicken (Ebrahimi et al., 2022; Wang et al., 2023),
mushrooms (Liu et al., 2022b), Lamb meat (Alizadeh-

sani et al., 2021; Fathi et al., 2022a) were conducted by
various researchers.

Challenges and opportunities of pH-sensitive
pigments

The usage of natural pH-sensitive pigments and natural
biopolymers has become a promising alternative to syn-
thetic pigments and polymers due to their eco-
friendliness, less toxicity, and abundant resources. pH-
sensitive pigments-based food packaging have the
potential to improve safety and quality of packaged
foods by communicating real-time freshness status and
extending shelf-life of packaged foods. Natural pigments
are appreciated and accepted by both the food industry
and consumers due their properties such as increased
water solubility, pH sensitivity and other numerous
health-related bioactivities. However, their commerciali-
zation is still distant due to various reasons. The capac-
ity of food freshness indicators to reliably provide
accurate food freshness status is dependent on the
adaptability of the polymer matrix, type of indicator
pigment and preparation technique. Natural pigments
interact with biopolymers differently according to the
charge nature of the natural pigment and biopolymer.
The molecular interactions do not only affect the
physico-chemical properties of the packaging material
but also the pH-sensitivity of the material fabricated.
Therefore, compatibility and suitability of biopolymer
matrix and the natural pigment may present challenges
such as stability of pigment during use. Another down-
side of food packaging based on natural pigment and
biopolymer freshness indicator may include the migra-
tion of packaging materials components from the pack-
aging material into the food. Leaching of packaging
components into food may result in variation of the
organoleptic properties of the food and food safety and
quality issues may arise and that may limit the commer-
cial application of natural pigments as food freshness
indicators. Practical strategies that can be used to
improve stability of natural piments is the adoption of
hydrophobic biopolymer matrices and/or construction
of a double layer or blended film.
The depletion of natural supply of raw material due

to increasing market demand may be another challenge
that may be encountered with the use of natural pig-
ments and natural biopolymers. Furthermore, plant pig-
ments are dependent on weather conditions, they are
available in low concentrations and their separation and
purification techniques may be costly for commercial
purposes. To alleviate these challenges the plant tissue
culture technique can be employed. This technique
shortens the plant growth cycle under controlled envi-
ronmental conditions, thus increasing production and
availability of raw material without compromising the
natural source. More research focusing on efficient
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extraction and purification techniques associated to the
physico-chemical properties of natural pigments is still
necessary. The use of colour is subject to approval by
regulatory bodies such as the Food and Drug Adminis-
tration (FDA), and must be applied only in agreement
with permitted applications, conditions, and restric-
tions. Presently, only betalains are an FDA-approved
natural pigment for application in food (Nirmal
et al., 2021; Martins et al., 2022) and the absence of
approval for a wider range of natural pigments limits
their application. Laws and regulations governing the
use and safety standards of smart materials, and specia-
lised technology required for development of smart
packaging material, may escalate the cost of smart pack-
aging, hence limiting their use. The stability of natural
pigment is one important factor in the development of
food freshness indicator packaging. Natural pigments
are inherently sensitive to environmental factors such as
light, oxygen, pH and temperature. Although stabilisa-
tion technologies such as encapsulation, co-
pigmentation, and surface modification on biopolymer
exist, they increase the cost of natural pigment produc-
tion. These costs are factored in the product price which
then become less competitive in the market.

Nevertheless, there is potential for the application natu-
ral pH-sensitive pigments as food freshness indicators.
There is still an opportunity to investigate underutilised
natural resource to extract pigments with improved stabil-
ity or research cost-effective solutions that will improve
their stability. There are also prospects of identifying
and/or modifying natural pigment carrier biopolymers to
improve their compatibility and suitability with natural
pigments. Natural pigments may have antimicrobial and
antioxidant attributes, however, other additives such
nanomaterials may be explored to reinforce the multi-
functional property of smart packaging materials. These
additives may also improve performance and structural
integrity of the polymeric material. Some of the natural
pigments exhibits health promoting properties, advocat-
ing for their approval by regulatory bodies may enhance
health benefits of the packaged food.

Conclusion

The application of natural pH-sensitive pigments in
smart food packaging as food freshness indicators is an
innovative technology, to deliver valuable information,
which could extend shelf-life and help consumers judge
the quality of packaged food by visible colour variation
during storage. Natural pigments can track pH alter-
ations associated with food deterioration by colour
change which can be visually detected by consumers.
Biopolymers such as starch, chitosan and cellulose have
exhibited good compatibility with natural pH-sensitive
pigments hence they have been used to immobile the
natural pigments. Smart packaging based on natural

pH-responsive pigments have demonstrated a huge
potential for monitoring freshness of a variety con-
sumed fresh food such as seafood, meat and fruits.
However, there are still challenges that should be
overcome for a successful adoption of natural pH-
responsive pigments in smart packaging. For an exam-
ple, the stability of natural pigments-based food fresh-
ness indicators should be achieved during storage and
distribution. Pigments losses due to migration should be
minimised and the hydrophobic nature of pigments
should be enhanced. The future of smart packaging is
based on biopolymers and natural pigments. There are
still under researched plant pigment resource that may
have improved stability and hydrophobic in nature.
Other technologies such as nanotechnology can be
employed to reinforce the immobility of pigments into
biopolymers and simultaneously improving multifunc-
tionality of the smart packaging material. To scale-up
smart packaging technology based on natural pigments,
more investigations are still required as well as develop-
ment of cost-effective and technical feasible techniques.
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