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ARTICLE INFO ABSTRACT
Keywords: The growing demand for natural pigments in food, cosmetic, and pharmaceutical applications is driven by
Natural pigments increasing concerns over the safety, sustainability, and environmental impact of synthetic dyes. Natural pigments

Food processing by-products
Green extraction
Pigment stabilisation

derived from plants, algae, and microbial sources offer functional and health-promoting properties but are often
limited by intrinsic instability and challenges related to scalable and sustainable production. This review pro-
vides a comprehensive overview of major plant pigment groups - anthocyanins, carotenoids, chlorophylls, and

Anthocyanins
Carotenoids betalains, with particular emphasis on their biological roles, chromatic properties, and stability characteristics
Chlorophylls focusing on the valorisation of food processing by-products and agro-industrial wastes as abundant and low-cost
Betalains pigment sources within a circular bioeconomy framework. Recent advances in green and non-thermal extraction
technologies, including ultrasound-, microwave-, enzyme-assisted extraction, pulsed electric fields, supercritical
fluid extraction, and natural deep eutectic solvents, are critically discussed in terms of efficiency, sustainability,
and applicability. In addition, current stabilisation strategies, such as microencapsulation, nanoemulsions, and
copigmentation, are reviewed as complementary approaches to enhance pigment functionality and application
potential. Regulatory inconsistencies and consumer acceptance further shape innovation uptake. Bridging lab-
oratory advances with industrial practice requires pilot-scale validation, techno-economic assessment, and
harmonised safety standards.
1. Introduction cosmeceuticals, and other products not only with aesthetic, but also
functional properties. To develop practically applicable solutions of
Humans love to live in a colourful environment as it resembles nature natural biomass pigments, further developments must meet 2
from which we all are coming: bright colours of flowers, greens of preconditions:
leaves, and the blue of the sky. Since prehistoric times, natural plant
origin substances have been used to make food, clothing, our environ- (1) Stability of natural pigments — natural pigments are produced to
ment colourful, to resemble natural colours; however, colour of natural serve distinctive functions, their stability is low, as bright colours
substances is fast fading and not stable. A breakthrough happened in the are prone to rapid fading. To develop natural pigments for
19th century with the invention of synthetic pigments, with a burst of practical applications, they should be stabilised, and their sta-
diverse applications across many fields. However, from a contemporary bility should be increased (colour fading decreased). Natural
perspective, the majority of synthetic pigments produced in the 19th to pigment stabilisation includes their stability at increased tem-
mid-20th centuries can nowadays be considered dangerous, many of peratures, in the pH range needed for real-life applications.
which as highly toxic poisons, with only a few still in use [1]. So, the Natural pigments usually are stable at a specific, narrow pH
search for new, stable and safe pigment sources is continuing, with the range; however, for applications, pH stability increase is an
focus of attention being on natural plant pigments abundant in nature. essential precondition, just as stability with respect to oxidants;
Natural pigments are associated with a healthy lifestyle and sustainable (2) Abundant and cheap sources of plant biomass — prospective for
consumption; their use can reduce reliance on synthetic materials or production to address the need for natural pigments with diverse
even fully replace them [2], supporting development of nutraceuticals, applications in the food industry, cosmetics, beverages, etc.
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Considering the need to produce bulk amounts of natural pig-
ments, the cost of the source biomass and availability must be
considered, as well as the solvents used to align with circularity
and sustainability principles, with priority given to industry side
stream utilisation.

Application possibilities and stabilisation of natural pigments have
been a topic of several review articles [3-7], primarily concentrating on
stabilisation approaches, use of whole plant biomass, and encapsulation.
A considerable resource for natural pigments is the food processing side
streams — peels of fruits and vegetables, press residues obtained as a
waste after juice processing, and other plant and microbial biomass
processing wastes — largely underutilised for natural pigment produc-
tion. Consideration of critical factors with respect to natural pigment
applications can support breakthroughs in their use and the replacement
of synthetic pigments.

The aim of the present study was to review most prospective groups
of natural pigments from practical application potential, establishing
links between pigment inherent stability, functions in plants, and
extraction possibilities of food industry side streams, as well as stabili-
sation possibilities.

2. Methodology

The review focused on natural plant pigments (anthocyanins, beta-
lains, carotenoids, and chlorophylls) recovered from various types of
food industry side streams and agro-waste. A comprehensive literature
search was conducted using SCOPUS, SemanticScholar, GoogleScholar,
PubMed, and WoS databases (Fig. 1). The article screening process and
eligibility assessment, including the criteria used for article selection,
are shown in Fig. 1. Highly relevant and influential papers were chosen
outside of the predetermined range of publication years.

Journal of Agriculture and Food Research 26 (2026) 102748

Relevance of review topics within the field was assessed using data
gathered from PubMed and visualised using VOSviewer. Articles with
keywords “natural” AND “pigments” published in the period from 2019
to 2025 were gathered, author keywords of the gathered articles (8162
articles) were grouped by their occurrence, visualisation was prepared
from the 50 most common keywords appearing at least 10 times within
the used set of data. Fig. 2 indicates the relevance of the investigated
pigment groups and the related stabilisation and application efforts
based on the biological activity (Fig. 2).

3. The role and properties of natural pigments in plants
3.1. Natural pigment function in plants

3.1.1. Anthocyanins

Anthocyanins are water-soluble plant secondary metabolites
belonging to the flavonoid family. They are widely recognised and
known as the most abundant natural plant pigments, providing different
shades of red, purple, and blue in flowers, fruits, and vegetables.
Research on anthocyanins can be considered to have begun in the 17th
century when the anthocyanins' ability to change colour in acidic me-
dium was first described in Robert Boyle's "Experiments upon Colours"
[8]. The name anthocyanins was first coined in 1835 by a German
pharmacist, Ludwig Clamor Marquart, who is considered to be the
discoverer of this molecule [9]. Anthocyanins are synthesised in plants
via the phenylpropanoid pathway followed by the flavonoid biosyn-
thesis pathway with additional structural modifications like acylation,
methylation, and glycosylation that improve the stability of anthocya-
nins. To date, 27 anthocyanidin aglycones are known, of which only 6
are represented in more than 90% of the reported occurrences of an-
thocyanins [10]. The most commonly found anthocyanidin classes are
cyanidin, delphinidin, pelargonidin, peonidin, petunidin, and malvidin

( SCOPUS ]@emanticSchol@ (GoogleSchoIan)( PubMed )( WoS )

( 2. Search criteria )

C Regions ] C Language ) (Article type) Gublication yeaD (Biomass type]

Studies from around
the world with focus |
on European
countries

English

articles

Research and review

2019 - 2025 Food and agro-waste |

Gesearch focus) ( Availability ) (

Search terms )

OA, subscription-
based access; articles
without full text
excluded

Natural pigments
with application in
food industry

"Pigment" AND ("food waste" OR "agro food") AND ("extraction OR
"isolation" OR "recovery"); "natural" AND "pigment";
Pigment refers to anthocyanins, carotenoids (xanthophylls), betalains,

chlorophyll

( 3. Selected article analysis )

Articles were manually sorted into topics related to anthocyanin, carotenoid, betalain and chlorophyll (1) pigment
functions; (2) chromatic properties and pigment stability; (3) pigment recovery from food industry by-products; (4)
pigment stabilisation.

Fig. 1. Methodological flowchart for data extraction from scientific databases used in this review.



L. Klavins et al.

xanthephylls

NS Zons
SQ!A lu“t
WA X
RS
XS
\ SX
zeaxa \\\‘;

Q\\"

VY
Ny

anti

genee

\

y 2

cyanolacteria

N

FLL

food o@loran

Journal of Agriculture and Food Research 26 (2026) 102748

. nutraceuticals

P antioxiaame ca
l/(‘ "“\, 7’»’”’ "‘ b

y bigactivity

phycacyanin

Fig. 2. Network of keywords from 2019 to 2025 regarding search terms “natural” AND “pigments”, indicating the importance of topics related to natural pigment

research. Visual material prepared using VOSviewer software.

derivatives. The derivatives, which are decorated with carbohydrate,
aliphatic or aromatic moieties, are called anthocyanins - these are the
naturally occurring pigments distributed throughout the plant kingdom
with more than 635 known structures [11,12].

Anthocyanins are stored within the vacuoles of the cells and they can
be widely distributed within the plants' organs. Anthocyanins can be
present in the epidermal cells, roots, stems, tubers, rhizomes, buds,
leaves, vascular tissue, hypocotyls and the expression can also vary
greatly. Similar to their distribution, their functions are very multifac-
eted. Anthocyanin synthesis in various cell types is upregulated as a
response to environmental stress like increased light, UV-B radiation,
drought, temperature extremes, deficiency of main nutrients (nitrogen

and phosphorus), biotic stress from infections, wounding, and pollution
[13,14]. Upregulated anthocyanin synthesis is considered to be a way
for the plant to mitigate the negative effects caused by abiotic or biotic
stressors. Due to the exposure to UV radiation, plants tend to synthesize
UV-absorbing phenolic compounds to mitigate the negative effects of
the exposure [13]. Since anthocyanins are accumulated in vacuoles,
they can act as optical filters, protecting the mesophilic cells and
avoiding the photodamage of chloroplasts. Anthocyanins have been
reported to be effective free radical scavengers, and therefore elevated
biosynthesis contributes to the mitigation of UV exposure [13]. Antho-
cyanins also possess the ability to chelate different metals, which are
then stored in the vacuoles or cytosol to protect the plant under metal

Antioxidant defence

Attract pollinators, seed dispersers
Growth & development
Pathogen & herbivore defence

Photosynthesis
Precursor of hormones
Role in photosystems

Temperature & drought tolerance

UV photoprotection

Function

~ Anthocyanins

Carotenes
and xanthophylls

Chlorophylls

Pigment group

Fig. 3. Main functions of different reviewed natural pigment groups in plant cells. Compiled from Refs. [18-20].
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excess. Another important aspect of anthocyanins in plants is the
attraction of pollinators and seed dispersers [15,16]. The photoreceptors
of different insects and pollinators allow these organisms to recognise
flowers, thus ensuring the transfer of pollen between the plants. The
attraction of pollinators is also determined by other groups of natural
pigments [17]. Collectively, these functions underscore the ecological
and physiological importance of anthocyanins as key components of the
plant stress response and survival strategy (Fig. 3).

3.1.2. Chlorophylls

Chlorophylls are a tetrapyrrolic group of green plant pigments found
in the chloroplasts of plants, algae, and cyanobacteria and are respon-
sible for the absorption of red and blue wavelength radiation, converting
the absorbed light energy into chemical energy through oxygenic
photosynthesis. They are lipophilic molecules, which consist of a
porphyrin ring structure with a central magnesium ion and a long hy-
drophobic phytol tail, which allows this molecule to bond to the lipid-
rich membranes of chloroplast thylakoids. In 1772 chlorophyll's role
was indirectly described by Sir Joseph Priestly, who noted that green
plants absorb CO» and turn it into oxygen, a process later introduced as
photosynthesis [21]. The term “chlorophyll” was first used by Pierre
Joseph Pelletier and Joseph Bienaime Caventou at the beginning of the
19th century. Work on the elucidation of the molecular structure
continued and at the beginning of the 20th century, German chemist
Richard Willstatter first isolated pure chlorophyll and determined its
structure, which, later, in 1915, granted him the Nobel Prize [21,22].
Chlorophyll a and chlorophyll b are the two most common types of
chlorophylls. Chlorophyll a is the most abundant type of chlorophyll,
followed by chlorophyll b. There are also distinct chlorophylls ¢ and d,
with specific absorption spectra, which are found in algae and cyano-
bacteria [23]. The different types of chlorophylls are distinguished by
the variations in the side chains arising from the substitution pattern of
the porphyrin ring [24]. An interesting example is chlorophyll f, which
has a formyl group at the porphyrin ring, where chlorophyll a has a
methyl group, thus altering the electron transfer and allowing absorp-
tion of far-red light (710-740 nm) [25]. The main functional role of
chlorophylls is the absorption of light in the visible spectrum — chloro-
phyll a absorbs blue and red wavelengths, while chlorophyll b absorbs in
blue-violet and red regions, thus also the visual appearance of both types
of chlorophylls is slightly different. Since both of the mentioned chlo-
rophylls absorb light at marginally different wavelengths, they also play
a central role in photosynthetic adaptation. Depending on the light
conditions in the environment, plants can optimise the energy capture
by changing the ratio of chlorophyll a to b. In addition to the ability of
chlorophylls to harvest the light and transfer the energy, they can also
act as photoprotectants by dissipating the excess energy as heat, pre-
venting oxidative damage to the photosynthetic mechanisms (Fig. 3).
Chlorophyll metabolism can be affected by light intensity, temperature,
and water availability. In drought and extreme temperatures, chloro-
phyll synthesis can be disrupted and the degradation is accelerated, thus
affecting the photosynthesis as well as the phenotypical appearance of a
plant [26]. Chlorophylls are mainly distributed within the plant's leaves,
with chloroplasts abundant in the mesophyll cells to optimise maximum
light absorbance [27]. Also, fruits, especially young fruits, can contain
chlorophyll, which dissipates as the fruit ripens, with the exception of
some species, for example, red grapes, which retain chlorophyll until
they are ripe [28].

3.1.3. Carotenoids

Carotenoids (carotenes and xanthophylls) are two types of caroten-
oids naturally occurring as pigments in plants, algae, and some species
of bacteria. Carotenes are a group of hydrocarbon carotenoids (con-
taining only carbon and hydrogen atoms), while xanthophylls are
oxygenated carotenoids (containing additional hydroxyl or epoxy
functional groups), they share an isoprenoid structure. Carotenoids play
an essential role in photosynthesis and photoprotection, as antioxidants
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and they are vitamin A precursors in humans [29]. The discovery of
carotenoids dates back to the early 19th century when the orange-red
pigment carotene was first isolated from carrots by Wackenroder in
1831. Soon after, an ethanol-soluble group of pigments — xanthophylls —
was isolated from autumn leaves by Berzelius in 1837 [30]. The term
“carotenoid” was coined only later and it wasn't until the early 20th
century that the elucidation of carotenoid chemical structures
happened. In 1901-1911, Mikhail Semyonovich Tswett, a
Russian-Italian biologist, the inventor of chromatography, separated
carotenoids for the first time, leading to their identification. M. Tswett
started his research on chromatography on plant pigments and, inter-
estingly, his surname, when translated from Russian, means “colour”
[30,31]. The biosynthetic pathway of carotenoids was investigated
throughout the 20th century, including the enzymatic aspects of the
biosynthesis, including the formation of phytoene and its conversion
into lycopene and cyclic carotenes, with the C40 skeleton being a key
feature of these plant pigments [32,33]. Photoprotective ability of
xanthophyll and the xanthophyll cycle was discovered in the 1960s,
showing the protective effects of these pigments in photosynthetic
damage prevention [34]. During the 20th century, the analytical in-
struments used for structural studies have evolved, thus leading to the
identification of over 100 naturally occurring pigments [30,35]. Further
developments in mass spectrometry and NMR allowed to determine the
electronic properties of carotenoids, which were instrumental in un-
derstanding the different electronic and excited state properties of these
pigments [36].

Carotenes and xanthophylls are pigments found in photosynthetic
organisms like plants, algae, and certain species of bacteria. These
compounds are synthesised in plastids, such as the chloroplasts, and
localised in the thylakoid membranes of chloroplasts, where they play a
critical role in light harvesting and energy transfer during photosyn-
thesis [37,38]. In thylakoid membranes, carotenoids are bound to
pigment-protein complexes, which are involved in light-harvesting
complexes and are the reaction centres of photosystems [39]. Xantho-
phylls, for example, zeaxanthin and lutein, play an important role in the
xanthophyll cycle, which helps in protecting the photosynthetic organ-
ism from light damage — they are the peripheral light-harvesting systems
[40]. Xanthophylls can also be found in non-photosynthetic tissue,
where their main role is as an antioxidant [37,41]. In
non-photosynthetic tissues, such as flowers or fruits, carotenoids are
stored in chromoplasts. In these organelles, the accumulation of carot-
enoids happens in lipid bodies or as crystalline structures, contributing
to the pigmentation. Carotenoids function as accessory pigments in
photosystem I and II, they absorb light in the 400-500 nm range,
transferring the energy to chlorophyll a, thus helping in broadening the
spectrum of light used for photosynthesis [37,42]. Carotenoids mitigate
photooxidative stress by the quenching of reactive oxygen species,
including the singlet oxygen generated during photosynthesis [38,39].
Xanthophylls participate in the non-photochemical quenching to dissi-
pate the excess energy as heat [41]. The absence of dysfunctional
biosynthesis of carotenoids has shown to introduce light stress and
oxidative damage, for example, in mutants lacking zeaxanthin and
lutein in Chlamydomonas reinhardtii, which has been shown to create
irreversible photooxidative bleaching and cell death under elevated
light conditions [43]. Carotenoids are essential for the physiological
function and survival of photosynthetic organisms; their involvement in
light harvesting, photoprotection, antioxidant activity, and pigmenta-
tion shows their critical role in cellular homeostasis and activity against
abiotic stressors (Fig. 3). The wide distribution and functional diversity
of carotenoids underscore the evolutionary significance and adaptation
to different environmental contexts.

3.1.4. Betalains

Betalains are a group of alkaloid pigments that are found in 13
specific families of Caryophyllales [44]. Historically, betalains have
been named “nitrogenous anthocyanins” [45], which implies the
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similarities between betalains and anthocyanins, also considering the
specifics of pigment location within the plant tissue. Structural charac-
teristics of betalains were discovered only later, and the
nitrogen-containing molecule was named after the betalamic acid,
which is found in red beetroot (Beta vulgaris) [46]. The betalain group
consists of two main pigment classes, the orange-yellow pigment
betaxanthin and the red-violet betacyanin [47]. The main betalain
substructure is protonated 1,2,4,7,7-pentasubstituted 1,7-dia-
zaheptamethin, which is the key component forming the chromophore
of betalains responsible for light absorption and colour characteristics
[48].

In plants, several factors can influence the location of betalain
biosynthesis. Depending on the growth stage, betalains can be present in
the aboveground parts of the plant (leaves, stems, flowers, fruits, or
seeds) as well as in the belowground parts, the roots, as in the case of the
red and orange beet roots [49]. Distribution of betalains is species
dependent; for example, the Cactaceae family contains betalains strictly
in the fruit, while betalains in beetroot are present in the root as well as
in the veins on the leaves [50]. Betalains are also present in some higher
fungi, Amanita, Hygrocybe, and Hygrosporus [47]. The distribution and
the form of storage within the plant of betalains are somewhat similar to
anthocyanins; both are stored in the cell vacuoles as the respective
glycosides [51]. Despite the similarities in the colour, response to
environmental stressors and cellular localisation, these two pigment
classes are considered mutually exclusive, there are no known plant
species that naturally biosynthesize both betalains and anthocyanins
[52]. Biosynthetic pathways of betalains involve different enzyme sys-
tems than those utilised in anthocyanin synthesis; moreover, the pre-
cursor of betalain biosynthesis is tyrosine, while anthocyanins are
synthesised from phenylalanine through the flavonoid pathway [53,54].
Phylogenetic studies suggest that betalain synthesis has been present in
several species in the past, and through evolution, these species have
switched to anthocyanin synthesis instead, while keeping some betalain
synthesis-relevant homologous enzymes that can also glycosylate
anthocyanidins [52,55]. Interestingly, some species in the
betalain-synthesising family Caryophyllales have switched back to
anthocyanin synthesis [52]. This genetic exclusivity of the biosynthesis
of betalains and anthocyanidins indicates that the role of anthocyanins is
substituted by betalains in certain species or perhaps betalains offer
some specific adaptation traits to certain environments that anthocya-
nins do not. Functionality of betalains within the plant is also shared
with the function of anthocyanins. The main roles of betalains are: the
ability to scavenge reactive oxygen species and act as antioxidants,
attraction of pollinators [56], regulation of osmotic pressure, response
to changes of light conditions within the environment and UV irradia-
tion (photoprotectants) [57], as well as abiotic stress factors such as low
temperature (Fig. 3), dry conditions, and salinity caused stress (espe-
cially in arid areas) [58-60]. Despite the similarities in pigment func-
tions between anthocyanidins and betalains, betalains lack certain
functions that anthocyanidins have, for example, the ability to increase
stress tolerance against certain metals and the ability to deter herbivores
[59].

3.2. Chromatic properties and stability of natural plant pigments

3.2.1. Anthocyanins

The core of an anthocyanin molecule, the chromophore, is the fla-
vylium cation (2-phenylbenzopyrylium with a positive charge), which
has a delocalised = electron system with conjugated double bonds that
absorb visible light [61]. Due to this conjugated molecular structure
across the aromatic rings, resonance within the molecule is possible; the
energy gap is lowered between the highest occupied and lowest unoc-
cupied orbitals, also known as the HOMO-LUMO gap, giving the ability
to absorb the visible light within the range of 490 to 540 nm [62].
Another aspect contributing to the chromatic properties is the number of
substitutions; more hydroxylation leads to an increase in absorption
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wavelength (towards the blue colour), while a higher number of
methoxylations decreases the absorption wavelength (towards the red
colour) [63]. Similarly, glycosylation and acylation can lead to slight
changes in the hue of anthocyanins, as well as changing their solubility
and stability. Arguably, one of the most important factors in anthocy-
anin chromatic properties and their stability is the effect of different pH
on the molecule [64]. Anthocyanin chromophore contains a strong
electron-withdrawing pyrillium ring, giving the molecule acidic prop-
erties; they can be considered weak diacids. With pH increase, the
anthocyanin molecule becomes deprotonated, thus increasing the elec-
tron polarisation and changing the light absorption to higher wave-
lengths. Hydroxyl groups attached to the chromophore have differing
pKa values (acidity); the hydroxyl group at C7 has the highest pKa value,
followed by C4 and C5. Depending on the pH of the environment, the
equilibrium between these hydroxyl groups determines the colour of the
anthocyanin (Fig. 4). At pH 1-3 the anthocyanin chromophore is fully
protonated and has a positive charge, creating molecular species called
the flavylium cation (red colour) [65]. At pH of about 3.5-6 the equi-
librium created leads to the flavylium ion shifts. Hydration of C2 occurs,
leading to the opening of the ring and rearrangement into a hemiketal
structure. Since the aromatic ring system is disrupted, the delocalisation
of electrons does not occur, resulting in the elimination of light ab-
sorption and loss of colour in the visible spectrum. pH increase to 6-7
causes deprotonation, converting the flavylium cation into a neutral
quinonoid base with purple colour [65]. Further increase of pH creates
an anionic quinonoid base with blue to blue-greenish colour. If pH is
increased even further (pH > 8), a chalcone (open form) is created — this
causes the ring opening and permanent loss of colour due to it. The exact
pH intervals at which each of the shifts occurs depend on the type of
anthocyanidin as well as the structure, whether the molecule is glyco-
sylated, methylated, or acylated. The anthocyanins' ability to change the
colour depending on the pH is one of the most important aspects and
limitations of their application [66].

3.2.2. Chlorophylis

Chlorophylls are made up of a cyclic tetrapyrrole macrocycle, called
porphyrin, which consists of four pyrrole units linked by methine
bridges creating a conjugated n-system. In the centre of the porphyrin
ring is a magnesium ion which stabilises the molecule and electron
transfer [67]. The role of magnesium ion in the porphyrin system is to
lower the energy gap between the HOMO-LUMO, thus enabling the
absorption of visible light. The porphyrin ring has a planar structure,
which allows for extensive conjugation ensuring strong visible light
absorption capabilities [68]. The absorption spectrum of chlorophylls is
characterised by absorption maximum at two visible light regions —
blue-violet light (Soret band) and red region (Q band), which are
ensured by the delocalised n electrons within the molecule. Substitutions
on the porphyrin ring can influence the light absorption properties of the
molecule, for example, chlorophyll a has a methyl group at position 7,
while chlorophyll b has a formyl group, shifting the absorption towards
shorter wavelengths [68]. Magnesium ion can also alter the electron
transitions, thus affecting the absorption spectrum by substituting the
magnesium ion with, for example, copper, the absorption spectrum is
shifted, which also creates a more stable molecule — copper chlor-
ophyllin. Chlorophyll appears green due to the molecules ability to
effectively reflect the green light (Fig. 5), while absorbing the comple-
mentary red and blue light through a process known as subtractive
colour mixing [69].

Within the cell, chlorophylls are stabilised by binding to photosyn-
thetic proteins within the chloroplast's thylakoid membrane, however,
they can be degraded through the PAO/phyllobilin pathway by several
enzymes that removes the phytol tail, magnesium ion, and open the
porphyrin cycle [20,70]. Extrinsic factors like elevated temperatures,
oxygen, pH, metal ions, and exposure to light can also influence the
stability of chlorophyll [71]. High intensity of light can induce degra-
dation by generating reactive oxygen species that damage the molecule.
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Fig. 4. Major types of anthocyanidin backbones most commonly found in nature, common food sources and associated colours with indicative reflection wave-
lengths. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Major types of chlorophylls, common food sources and associated colours with indicative reflection wavelengths. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

High temperatures can influence the degradation of chlorophyll by
denaturing the photosynthetic proteins the chlorophyll molecules are
bound to, thus leaving them exposed [72]. Also, pH can affect chloro-
phyll stability — low pH can promote the removal of the magnesium ion,
which leads to the degradation and formation of the chlorophyll
degradation product pheophytin [73]. Chlorophylls are ubiquitously
distributed across photosynthetic organisms, with particularly high
concentrations found in green leafy vegetables and fast-growing
photosynthetic tissues (Fig. 5). Major dietary and industrial plant
sources include spinach (Spinacia oleracea), kale (Brassica oleracea),
parsley (Petroselinum crispum), broccoli (Brassica oleracea var. italica),
and cereal grasses such as wheatgrass and barley grass [24,69]. In
addition to higher plants, microalgae and cyanobacteria, including
Chlorella spp. and Arthrospira spp., represent highly concentrated and
scalable sources of chlorophyll, which are increasingly exploited for
food, nutraceutical, and functional ingredient applications. The relative
abundance of chlorophyll a and b varies among species and tissues,
reflecting adaptation to light conditions and photosynthetic efficiency
[74].

3.2.3. Carotenoids

The coloration of carotenoids originates from the chemical structure
of their chromophore - it is a system of conjugated double bonds ar-
ranged in an alternating pattern of double-single bonds in a linear or
cyclic carbon backbone [75]. The arrangement of single and double
bonds influences the delocalisation of n-electrons and electronic tran-
sitions, thus changing the absorption spectrum [75]. The conjugated
polyene chain is what allows the molecule to absorb the light in the
visible range, variations in this structure are directly related to the
versatility of carotenoid colours observed in nature [76,77]. The length
of the conjugated system is the primary determinant of the carotenoid

light absorption properties: as the number of conjugated double bonds
increases, the molecule absorbs longer wavelengths, resulting in a red
shift and deeper coloration [78]. On the other hand, structural features
like a higher number of single bonds (Fig. 6) can cause rotation in the
polyene chain, which reduces the effective conjugation length and
rotation around single bonds and leads to absorption of lower wave-
lengths (lighter colours) [79]. In addition to the double-single bond
placement and chain length, the presence of methyl, hydroxyl, and keto
groups can alter the light absorption significantly [80]. Depending on
the electronic properties of the substitutions and the positions along the
polyene chain, they can either act as electron donors or acceptors, thus
altering the energy levels involved in light absorption. For example, the
hydroxyl groups in zeaxanthin lead to a blue shift, while a keto group
present in astaxanthin shifts the absorption maximum to longer wave-
lengths (red shift) [81]. Carotenoids can also be cyclic, for example,
p-carotene, containing a ring structure that limits the conformational
flexibility and influences the distribution of n-electrons along the chain.
A more rigid structure, like that of f-carotene, has distinct absorption
properties compared to the acyclic counterparts [82]. Beyond the mo-
lecular conformation that influences the light absorption of these mol-
ecules, extrinsic factors can also influence the pigmentation properties
of these molecules. Carotenoids can interact with proteins or other
molecules, which changes the polarity, hydrogen bonding, and steric
constraints, thus changing the energy shift and electron transitions,
altering the visible colour without changes in the molecular structure of
the carotenoid itself [75,79].

Carotenoids are generally highly reactive due to their extended
conjugation of double bonds, which are prone to oxidation and iso-
merisation. These changes lead to a reduction of colour intensity as well
as a decline in nutritional value [83]. Primarily, carotenoids can be
found in all-trans configuration, which is thermodynamically favoured
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Fig. 6. Major types of carotenoids, common food sources and associated colours with indicative reflection wavelengths. (For interpretation of the references to
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and has higher bioactivity, however, when exposed to heat, light, or
chemical stressors, conversion to cis-isomers happens, which reduces
the bioavailability and alters the absorption characteristics [84]. While
carotenoids are known as antioxidants under certain oxidative condi-
tions or other redox-active components, they can act as prooxidants,
leading to accelerated lipid peroxidation and degradation [85]. This
complex behaviour adds further challenges in carotenoid stabilisation
and their incorporation in formulations. Environmental factors such as
light, heat, and oxygen play a critical role in carotenoid stability.
Elevated temperatures can accelerate both oxidative degradation and
isomerisation. Exposure to light can induce photo-oxidation, thus
products enriched with carotenoids should be processed, packaged, and
stored in dark conditions. Oxidation of carotenes can also be avoided by
vacuum or inert-gas packaging to enhance the shelf-life of the products
they contain [86]. Neutral pH is optimal for carotenoid stability, while
both highly acidic and alkaline environments promote degradation.
Certain metal ions can either stabilise or degrade carotenoids, depend-
ing on the specific redox interactions involved [87]. The complex
structure and number of double bonds are not favourable for stability
under varying environmental conditions, the complex interplay of
intrinsic molecular features and extrinsic environmental conditions
must be carefully considered when creating stabilisation techniques and
further formulations for incorporation into food matrices [72].

3.2.4. Betalains

Betalain molecules contain a system of conjugated double bonds,
which allow for the delocalisation of electrons through the structure,
lowering the energy required for electron transition, thus giving the
molecule the ability to absorb light within the visible range [88]. Colour
specificity in betalain molecules is altered through additional structural
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modifications — acylation, glycosylation. Betaxanthins are fluorescent
with emission maximum in the range of 508-608 nm and fluorescence
may be of importance in the signalling between flowers and pollinators
[89]. Betalain fluorescence has found a variety of interesting applica-
tions, supporting high sensitivity of its detection in plant and animal
tissues [89]. Betalains can be used in biosensors, for example, for
analysis of copper ions [90], to monitor ingestion and digestion of
betalains, for labelling of proteins [91], and in many other applications
[47]. Carboxylation of the betalain molecules can increase the fluores-
cence of betaxanthin [92]. Betacyanins, the red to violet betalains,
absorb visible light at 532 — 541 nm, they contain betalamic acid
condensed to L-3,4-dihydroxy-phenylalanine (cyclo-DOPA) or its glu-
cosyl derivatives [93]. Other functional groups within betacyanins, for
example, hydroxyl groups, interact with the conjugated system, thus
altering the absorption wavelengths. Betaxanthins, the yellow to orange
betalains, absorb the visible light at 458 — 485 nm, they also consist of
the basic betalamic acid, however, betaxanthins are condensed with
amino acids, for example, tryptophan, phenylalanine, or derivatives
(Fig. 7, [93]). The specific interaction between the amino acids and the
functional groups alters the visible light absorption, contributing to the
range of betaxanthin hues.

Betalain stability depends on its structure and can be influenced by
pH, water activity, oxygen and oxidising agents, light, metal ions,
temperature, and other factors [93-96]. A key factor affecting their
stability is their molecular structure, protection of more labile structures
is targeted primarily [47]. Esterification with aromatic acids [97],
esterification with aliphatic acids, glycosylation [98] can increase
betalain stability. The colour of betalains can also be influenced by pH
due to protonation/deprotonation of certain functional groups. Lower
pH shifts the absorption wavelength to lower values, while more

Betaxanthins

| 2
Yellow dragonfruit, yellow beetroot 450-500 nm

Betacyanins

530-545 nm

Amaranth, prickly pear, red beetroot, red dragonfruit

Fig. 7. Simplified betaxanthin and betacyanin biosynthesis, common food sources, and associated colours with indicative reflection wavelengths. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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alkaline pH increases the absorption wavelength [51]. However,
compared to anthocyanins, betalains are more pH stable, the pH range at
which betalains can be considered stable is pH 3-7, while anthocyanins
change their colour in pH higher than 3, meaning that betalains are
more suitable for a wider range of products, especially products with
neutral or slightly acidic pH [48,51]. UV and visible light radiation
excites 7 electrons and thus the reactivity of betalains and the effects
depend on the energy of irradiation. The following betalain degradation
depends on the presence of oxidants (at first, oxygen) [50]. Metal ions
reduce betalain stability but if complex-forming substances (e.g., citric
acid, EDTA, etc.) are added, molecules are stabilised ([99]; Sen Arslan
and Altinok 2025).

4. Recovery of natural pigments from food industry by-products
4.1. Anthocyanins

Anthocyanins represent an important class of natural pigments found
in flowers, fruits, and vegetables, ranging from red to blue. Besides their
pigment properties, they also possess different beneficial properties,
such as antioxidant, antimutagenic, and anti-neurodegenerative effects
contributing to the overall human health and disease prevention
[100-102]. Generally, a critical aspect of sustainable resource man-
agement is the valorisation of food waste. Fruit processing industries
globally generate substantial amounts of biowaste, often accounting for
10% to 60% of the initial raw material weight [103-105]. This biowaste,
particularly from berries, is rich in valuable bioactive compounds,
including anthocyanins, phenolic acids, and other flavonoids [104,106].
The recovery of these phytochemicals from agricultural and food pro-
cessing by-products is a key strategy for enhancing resource-use effi-
ciency, promoting circularity, and developing new, sustainable products
such as functional foods, supplements, and pharmaceutical or cosmetic
ingredients [104,107,108]. The utilisation of these low-cost by-products
offers a promising avenue for environmentally conscious and economi-
cally viable production of high-value-added compounds [102,109].

Conventional solvent extraction (CSE) is the most commonly used
method for anthocyanin extraction from plant material [110-112]. Due
to the water-soluble nature of anthocyanins, polar solvents are generally
preferred (Table 1). To enhance stability and the extraction yield,
considering the anthocyanin instability in alkaline solutions, acidified
aqueous solvent systems are typically employed. Most commonly used
solvents are acidified water, ethanol, methanol, or their mixtures [100,
102,105]. An ethanol-hydrochloric acid-water mixture
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(60%:0.1%:39.9% v/v/v) has been used to extract purple corncob an-
thocyanins [112], acidified ethanol (1% hydrochloric acid) for jabuti-
caba peel [113], while raspberry pomace has been extracted using 80%
methanol [109]. Optimisation of CSE often employs statistical tools like
Response Surface Methodology (RSM) and Central Composite Design
(CCD) to evaluate the influence and interactions of multiple factors,
aiming to maximize extraction yields while minimising resource con-
sumption [101,102]. CSE is a relatively simple, inexpensive, and
easy-to-perform method [101,109]. The use of ethanol is advantageous
as a generally recognised as safe (GRAS) solvent permitted for food
applications [101]. However, CSE can be time-consuming and less
efficient if compared to ultrasound-assisted extraction or other intensive
extraction methods [112].

Ultrasound-assisted extraction (UAE) leverages the high-frequency
sound waves to induce cavitation within the solvent, which facilitates
cell wall disruption, increasing solubility, diffusion, and solvent pene-
tration, thus accelerating the transport of compounds of interest from
the plant matrix to the solvent [105]. Ultrasound-assisted extraction has
been widely used for berry pomace and residue extraction. Extraction of
blackcurrant pomace has been studied, where parameters such as tem-
perature (25, 35, 45 °C), time (15, 30, 60 min), and material/solvent
ratio (1:20 or 1:7) were studied using acidified water-ethanol or
water-citric acid solvents [105]. Multi-frequency UAE has been inves-
tigated for blueberry pomace, showing promising results by combining
frequencies to enhance anthocyanin yields [116]. Optimal conditions
for multi-frequency UAE of blueberry pomace were found to be 40 kHz
followed by 80 kHz, 350 W power, 50 °C, and 40 min extraction time
[116]. UAE is a fast and efficient method, when compared to conven-
tional extraction techniques, leading to reduced extraction time, energy
consumption and solvent usage [105,109]. While generally efficient,
excessive exposure to ultrasonic waves can lead to the degradation of
anthocyanins, potentially resulting in lower or comparable yields to
conventional methods in some cases [105,113,116]. For example, the
UAE was found to be less effective for total polyphenolic (TPC) and total
anthocyanin (TA) extraction from jabuticaba peel compared to CSE
under certain conditions [113].

Cold Plasma-Assisted Extraction (CPAE) is a relatively novel tech-
nique that utilises high-energy plasma (e.g., helium plasma) to effec-
tively break down the lignocellulosic structure of plant cell walls,
thereby facilitating the rapid release of intracellular compounds [112].
It has been developed for the extraction of anthocyanins from purple
corncob, with optimised conditions including a discharge power of 127
W, working pressure of 150 Pa, and a treatment time of 75 s [112].

Table 1
Anthocyanin extraction from various agri-food wastes.
Source of anthocyanins ~ Extraction conditions Extraction solvent Yield of anthocyanins Reference
Hibiscus sabdariffa Ultrasound-assisted extraction for 30 min Acidified water/ethanol (20:80 v/v) Delphinidin 3-O-sambubioside 15% [100]
calyxes solution

Conventional solvent extraction at 50 °C for
2 h; Cold plasma assisted extraction for 20-

Zea Mays purple
corncob biomass

Ethanol/hydrochloric acid/water
(60:0.1:39.9%); Helium cold plasma

Cyanidin-3-O-glucoside (25.95%); Petunidin-3-O-  [112]
glucoside (0.02%); Pelargonidin-3-O-glucoside

waste 120s (66.02%)

Rubus idaeus fruit Ultrasound assisted extraction for 120 minat ~ 80% methanol acidified with 1% Cyanidin-3-glucoside (7.13 mg/L) as total [109]
pomace 50 °C; maceration for 120 min at 20 °C formic acid anthocyanin content

Ribes nigrum fruit Ultrasound-assisted extraction at 35 °C for Water-ethanol solvent (50/50 v/v) Total anthocyanin contents 277 mg/100g [105]
pomace 15 min acidified with HCI

Sabara jabuticabas Ultrasound-assisted extraction for up to 30 96% ethanol acidified with 1% HCI Total anthocyanins up to 484.65 mg/L [113]

min, peel/solvent ratio 1:10

Aronia melanocarpa Ultrasound-assisted extraction 20 min 1.5 wt% citric acid in water, 45 °C Total anthocyanins 456.7 mg/L [114]
fruit pomace and 34 g solvent/g pomace ratio.

Vaccinium corymbosum Maceration for 100 min at different Acidified water and 80% ethanol to Total anthocyanins 2045 pg/g [115]
fruit pomace temperatures 30-90 35 °C pH 2.0

Eugenia involucrata Maceration at room temperature 80:20 ethanol:water, acidified with Total anthocyanins 12.0 mg/g [104]
biowaste citric acid to pH 3

Malpighia emarginata Maceration for 2-90 min at 20-90 °C Ethanol at different concentrations Total anthocyanins 2.54 mg/g [101]
fruit waste (0-96%) with 0.05% citric acid

Allium cepa red onion Conventional extraction shaking at 150 rpm  Ethanol acidified with citric acid in Total anthocyanins from 0.45 to 1.43 mg/g [102]

skin waste for up to 4h at 16-60 °C

different ratios
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Representing a highly efficient and green process, CPAE offers advan-
tages such as low cost, short treatment time, and scalability for indus-
trial production [112]. CPAE has demonstrated significantly higher
anthocyanin yields compared to both CSE and UAE by effectively
breaking down the protective lignocellulosic structures in plant cell
walls [112]. Considering the sustainability goals and aims for advanced
biomass utilisation, sequential extraction approaches have been studied
to recover multiple compounds from the same raw material in successive
steps, thus maximising the utilisation of the biomass. A notable appli-
cation involves the sequential extraction of anthocyanins and pectin
from jabuticaba peel [113].

A common drawback across different extraction methods is that
temperatures exceeding certain thresholds (e.g., 60 °C) can cause
degradation of anthocyanins, leading to a loss in yield and quality [101,
102,115]. The high moisture content and residual carbohydrates of fresh
pomace make it highly susceptible to microbial spoilage, necessitating
rapid processing or pre-treatment [105]. While necessary for storage
and processing, methods like drying can lead to thermal degradation of
compounds, and freezing can cause cellular damage and loss of natural
pigment in the plant material [113]. The findings consistently highlight
the promising potential of food waste as a resource for developing
innovative products (Table 1). This includes applications in therapeutic
medicines, pharmaceuticals (particularly targeting abnormal cell
growth due to their anti-proliferative effects), natural preservatives, and
eco-friendly natural colorants for various industries like food and tex-
tiles [104]. The continued focus on economically efficient extraction is
crucial for successful industrial implementation, especially given the
low cost of the raw biowaste materials [102]. The development of green
extraction methods and modelling techniques, such as those using
artificial neural networks, will serve as important references for the food
industry in utilising pomace efficiently [115].

4.2. Chlorophylls

Chlorophylls have emerged as promising candidates for the food
industry due to their desirable colouring properties as well as the
bioactive properties (antioxidant, antibacterial, and UV protective ac-
tivities), giving extra functionality to the products using these natural
pigments as additives [117-119]. Strategic valorisation of various
side-streams can stimulate sustainable economic growth and mitigate
ecological impacts caused by improper disposal and underutilisation of
certain types of biomass [120,121]. Despite the promising nature of
chlorophylls, their wider acceptance and application are hindered by
their intrinsic instability due to environmental factors, indicating the
need for new and innovative extraction and stabilisation techniques
[117,118,122].

Several methods have been investigated to retrieve chlorophyll from
food and agro-wastes, frequently incorporating principles of green
chemistry to increase the sustainability of the process and improve
extraction yields (Table 2). Microwave-assisted extraction (MAE) has
been used to derive natural chlorophylls from various types of wastes.
Chlorophyll extraction from spinach waste has been done using deion-
ised water, followed by extraction in ethanol at 100 W for a duration of
10 min, maintaining a temperature of approximately 55 °C [118].
Similarly, chlorophyll was successfully extracted from broccoli waste
utilising MAE, using 90% (v/v) acetone at a liquid to solid ratio of 5:1,
heated at 6 W per gram for 25 min, consistently holding a boiling
temperature around 60 °C [122]. Investigation of MAE has continued
due to its speed, cost-effectiveness, and environmental benefits — this
method facilitates the rupture of plant cell walls, therefore opening up
the cells and allowing for diffusion to take place, which increases the
overall extraction yields, when compared to conventional extraction
techniques [118,122]. However, MAE has the potential to alter the
chemical structure of chlorophyll and the chlorophyll-cell wall material
interaction. Since MAE is a high-intensity extraction method where the
release of large amounts of energy is happening, there is a possibility of

Journal of Agriculture and Food Research 26 (2026) 102748

Table 2
Chlorophyll extraction from various agri-food wastes.
Source of Extraction Extraction Yield of Reference
chlorophylls  conditions solvent chlorophyll
Beta vulgaris Conventional Quaternary Total [123]
stems and extraction at ammonium- chlorophylls
leaves 20 °C, solid: based ionic 1.82 wt%
liquid ratio liquid (N-ethyl-
0.12 for 70 N-methyl-N,N-
min bis(2-
hydroxyethyl)
bromide) and
polypropylene
glycol with
water
Pisum Ultrasound- 92.85% ethanol  Total [119]
sativum assisted chlorophylls
pod waste extraction for 0.642 mg/g
27.7 min at 33
kHz, 46.05 h
soaking time
Actinidia Ultrasound- 100% methanol Total [124]
deliciosa assisted chlorophylls
peels extraction at 317.89 ug/g
55 and 60 °C
for up to 30
min
Arthrospira Ultrasound- 100% ethanol Total [120]
platensis assisted chlorophylls
extraction extraction for 5.96 mg/g
residue 1 h at 50 °C,
pH 6, S/L ratio
1:8
Spinacia Conventional 96% ethanol Chlorophyll a [118]
oleracea extraction for 5.74 mg/g
waste 30 min at Chlorophyll b
60 °C and 3.89 mg/g
microwave-
assisted
extraction for
10 min at
55°C
Brassica Microwave- 90% acetone 02¢g [122]
oleracea assisted chlorophyll
var. italica  extraction for loaded in 3 g
wastes 25 min at hybrid
60 °C nanopigments
with
absorption
values up to
98.44%
Ipomoea Conventional 96% ethanol Chlorophyll [117]
batatas leaching with water in a extract used
leaves extraction, S/L ratio 4:6 directly for
ratio 1:10, for application as a
100 min at functional
90 °C, pH 6.5 fabric dye
Mangifera Conventional 100% acetone Total [121]
indica cv. shaking chlorophyll in
Ataulfo extraction for seed oil —
waste 2h 0.902 mg/kg;
in peel flour
457 mg/kg

chlorophyll degradation due to excess heat [118].
UAE, widely used for biomass extraction, has also been used for

chlorophyll extraction. Pea pod waste extraction has been optimised
using 92.85% ethanol, a sonication time of 27.7 min, and a soaking
period of 46.05 h, at a solid-to-solvent ratio of 1:10 (w/v), with tem-
peratures exhibiting a rise from 25 °C to 36 °C during the sonication
phase [119]. UAE is recognised as a green technology that induces
acoustic and hydrodynamic cavitation, enhancing solvent penetration
into the sample and accelerating mass transfer rates, which conse-
quently increases pigment yield [119]. This method has also demon-
strated superior efficacy in sterilisation compared to thermal treatments
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alone, as shown in studies involving kiwi peel, where thermosonication
(ultrasound coupled with mild heat) led to effective bacterial inactiva-
tion while retaining key nutrients and bioactive compounds [124].
Similarly to MAE, UAE can also generate excessive heat, which leads to
degradation of the pigments, especially in cases when the temperature
as well as the sonication time have not been controlled [124].

Chlorophylls have also been extracted using CSE from Ipomoea
batatas leaves through a solvent leaching method utilising an optimised
water/ethanol ratio of 4:6, a mass-to-liquid ratio of 1:10 g/mL, at 90 °C
for 90 min, and a pH of 7 [117]. Similarly, chlorophylls were effectively
recovered from the spent biomass of Arthrospira platensis (residual
biomass after phycobiliprotein extraction) using 100% ethanol at a 1:8
solid-liquid ratio, pH 6, 50 °C, and a 1-h extraction time [120]. Chlo-
rophyll from spinach was also conventionally extracted with ethanol at
60 °C for 30 min, followed by chilling and centrifugation to separate the
protein fraction [118]. The principal advantage of this method resides in
its straightforwardness and well-established protocols, rendering it
accessible and economically feasible [117]. However, conventional
solvent extraction can be time-intensive, frequently demanding multiple
cycles, and the extended exposure of pigments to environmental ele-
ments such as light, oxygen, and high temperatures (if heated to improve
mass transfer) can reduce their stability and lead to degradation [117,
120].

A thermoreversible aqueous biphasic system was developed for the
extraction and selective separation of both betalains and chlorophylls
from red beet stems and leaves. The process employed a monophasic
aqueous solution comprising 10 wt% of the ionic liquid, 52% poly-
propyleneglycol (PPG), and 38% water, with pigment extraction con-
ducted at 20 °C for 70 min using a solid:liquid ratio of 0.12, followed by
phase separation induced by elevating the temperature to 35 °C [123].
An important benefit of this method is its capacity for one-step extrac-
tion and selective separation of multiple pigments into distinct phases,
alongside the utilisation of carefully designed ionic liquids that can be
non-toxic and biodegradable [123]. Moreover, these ionic liquids have
been shown to effectively stabilise pigments like betalains, and the
process facilitates high pigment recovery and the potential for ionic
liquid reuse [123]. Valorisation of the waste streams into natural pig-
ments and functional materials aligns with the circular economy para-
digm, holding potential to reduce pollution and improve the
sustainability of the food production sector and other industries
(Table 2).

4.3. Carotenoids

Increase of food processing has led to the generation of agricultural
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and food industry waste, these by-products include peels, pomace, and
seeds from fruits and vegetables and they are recognised as valuable,
low-cost, and relatively abundant sources of various phytochemicals,
particularly carotenoids (Table 3). Carotenoids have widespread appli-
cations in the food, pharmaceutical, and cosmetic industries due to their
vibrant colour, antioxidant activity, anti-inflammatory, and immunity-
enhancing properties [125,126]. Carotenoids have also been reported
to have a role in cancer prevention, cardiovascular disease, and various
age-related disorder prevention [127-129]. Traditional extraction
methods for recovery of carotenoids involve high solvent consumption,
prolonged exposure times, low extraction yields, and are a concern
regarding the environmental impact of the process [130]. To counter the
negative aspects of carotenoid extraction, there is an incentive to
develop and optimise green extraction methods that would be more
efficient, cost-effective, and environmentally friendly, thus ensuring the
safety and quality of the extracted compounds [129,131].

Recent research has explored various extraction processes to recover
carotenoids from food waste, focusing on enhancing yield, purity, and
sustainability. Conventional extraction methods (CE), such as macera-
tion and Soxhlet extraction, typically involve prolonged exposure be-
tween the plant biomass and the used organic solvent, most often n-
hexane, ethanol, ethyl acetate, or acetone (Table 3). CE has been used,
for example, for the extraction of passion fruit peel using olive oil and
tomato processing waste using acetone [125,133]. Depending on the
solvent used, the concentration of carotenoids in the final extract can
differ and the processing of the created extract can be hindered due to
the presence of non-volatile solvents like oil. While CE methods are
simple and require minimal equipment, they are suitable mostly for the
production of crude extracts — the solvents used for carotenoid extrac-
tion can solubilise a variety of other plant metabolites, thus creating
complex raw extracts [126]. Moreover, the processing times and solvent
consumption of CEs are generally high. The recovery of solvents from
the extract usually requires heating of the sample and thus the carot-
enoids are often degraded during the concentration and clean-up process
[125,128].

Ultrasound-assisted extraction has been used to extract carotenoids
from passion fruit peel, habanero chili pepper waste, pumpkin peel, and
orange peels using various solvents, including vegetable oils and hy-
drophobic deep eutectic solvents [125-127,129]. The time required for
extraction is reduced when using UAE compared to CE, also the yields
reported are generally higher and the solvent consumption is reduced.
On an industrial scale, UAE usage can be considered a more
cost-effective alternative to CE [125,127]. An aspect to be considered
when using UAE is the thermal degradation induced by the heating ef-
fect of high-frequency ultrasound and the possible isomerisation of

Table 3
Carotenoid extraction from various agri-food wastes.
Source of carotenoids Extraction conditions Extraction solvent Yield of carotenoids Reference
Citrus sinensis peels Ultrasound assisted extraction at 45 °C for 20 min, = Hydrophobic deep eutectic solvent Total carotenoids 573.4 mg/100 g [127]
S/L ratio 1:20 (HDES) - menthol:eucalyptol
Citrus sinensis peels Conventional stirring extraction for 60 min at 500  HDES - thymol:hexanoic acid (2:1) Total carotenoids 259 pg/g [130]

rpm, S/L ratio 1:10

Ultrasound-assisted extraction for 50 min at 50 °C,
S/L ratio 1:21-30 oils
Cloud point extraction for 43 min at 55 °C, pH
7.32, S/L ratio 1:70

Ultrasound assisted extraction at 80 °C, for 100
min, S/L ratio 1:10 3:1
Several methods evaluated — maceration,
ultrasound, Soxhlet, SFE, SFE + co-solvent (best
yield)

Ultrasound-assisted enzymatic extraction for
50.36 min at 45.18 °C

Microwave-assisted extraction for 5 min at 50 °C,

Passiflora edulis peels

Cucumis metuliferus Mey.
Ex. Naudin peels
Cucurbita maxima peels

Capsicum chinense (red
habanero) waste

Prunus persica pomace

Daucus carota subsp.
Sativus sorting waste S/L ratio 1:40

Solanum lycopersicum Conventional stirring extraction for 90 min at
processing waste 50 °C

Vegetable oils - olive and sunflower

Total carotenoids 1240 and 1176 pg/100g  [125]
in olive and sunflower oil, respectively

Distilled water with 10% Tween 80  p-carotene 13.11 mg/100 g [132]
n-hexane/acetone solvent mixture Total carotenoids 1.06 mg/g [129]
Supercritical CO, with ethanol as Total carotenoids 292.09 pg/g [126]
co-solvent

Pectinase solution 8.5% Total carotenoids 0.13 mg/L [128]
Hexane:ethanol 1:3 Total carotenoids 192.81 mg/100 g [131]
100% acetone Total carotenoids 28.86 mg/100 g [133]
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carotenoids due to the processing [125,127]. UAE can also be combined
with the catalytic action of enzymes to help in the breakdown of plant
cell walls, thus enhancing the release and extraction of carotenoids
[128]. The combined effects increase the extraction yield, however, the
processing time and costs are also increased [128].

Microwave-assisted extraction (MAE) leverages microwave energy
to induce dipolar rotation and ionic conduction within the plant matrix
and solvent, generating internal heat that weakens and ruptures cell
walls, facilitating the release of phytochemicals into the solvent [125].
This technique has been investigated for carotenoid extraction from
passion fruit peel, habanero chili pepper waste, and carrot rejects [125,
126,131]. MAE is a rapid and efficient extraction method, minimising
the thermal degradation and reducing energy consumption by direct
heating of the biomass, however, similarly to UAE, excessive heat can
degrade the compounds of interest [125]. Industrial processing using
MAE requires R&D efforts to create an economically viable protocol.

Supercritical fluid extraction (SFE) with a co-solvent has emerged as
an environmentally friendly alternative. Typically, CO5 and ethanol as a
co-solvent have been used for the extraction of low-polarity compounds,
for example, carotenoids [126]. Obtained extracts contain no solvent
residues (if used without a co-solvent), thus providing contaminant-free
extracts. By changing the operating parameters like separator type,
temperature, CO, flow rate, the extraction cell temperature, and pres-
sure, the selectivity of the extraction method can be modified. While a
promising method, the initial costs for this high-pressure equipment can
be high, and production of lower-value extracts therefore cannot be
justified [126].

Deep eutectic solvents, hydrophobic or natural, are a relatively new
class of green solvents formed by mixing several compounds (hydrogen
bond donor and acceptor), creating a solvent with significantly lower
melting point than the individual compounds used, thus forming a liquid
(typically at room temperature). Natural, food-grade components are
often used for lipophilic compound extraction due to their hydrophobic
nature. Such eutectic solvents have been used for carotenoid extraction
from orange peels and pumpkin [127,130]. Eutectic solvents are
biodegradable, non-toxic and are cost-effective to create, the physico-
chemical properties can be easily fine-tuned to the specific needs, thus
allowing for more selective extraction of the specific compounds [130].
The primary limitation of using eutectic solvents is their viscosity, which
can potentially hinder the mass-transfer potential, especially in
industrial-scale operations [130].

The diverse range of innovative green extraction techniques,
including UAE, MAE, SFE, natural and hydrophobic eutectic solvents,
demonstrates potential to enhance extraction efficiency, reduce envi-
ronmental impact, and provide safe, high-quality natural pigments for
various industries (Table 3). Future research should focus on optimising
green extraction protocols for specific compounds and matrices, further
exploring the synergistic effects of combined techniques, and investi-
gating the toxicological and biological effects of the resulting extracts to
ensure their suitability for human consumption [127-129]. Addition-
ally, efforts are needed to bridge the gap between laboratory-scale and
industrial-scale setups, particularly regarding solvent recyclability and
scale-up feasibility, to fully realise the economic and environmental
benefits of transforming agricultural by-products into valuable func-
tional ingredients and natural colorants [125,127,129].

4.4. Betalains

Betalains have been found in families of the Caryophyllales, Amar-
anthaceae, Basellaceae, Cactaceae, Portulacaceae, Nyctaginaceae, as
well as in several fungi, such as Hygrocybe, Amanita muscaria, and other
sources [47,95]. Betalain concentrations in plants and microorganisms
can reach up to 500 mg/100 g of biomass [50], but using genetic
modification, betalain productivity can be increased [134]. From prac-
tical production potential of betalains as sources at first of significance
are red beetroot (Beta vulgaris L.), Opuntia fruits, pitaya (Hylocereus
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spp.), and amaranth (Amaranthus spp.), but other species are also pro-
spective [50]. B. vulgaris production volumes reach hundreds of millions
of tons [135], and considering concentrations of betalains in beetroot,
thousands of tons of pure betalain could be obtained [50]. Betanin iso-
lated from B. vulgaris is a widely used red food colorant (Beetroot Red;
EEC No. E 162), approved for use by the European Union and in the
United States for use in food articles, cosmetics, and elsewhere [136].
For betalain production, food processing waste can also be used [96].

B. vulgaris and other plant betalains can be extracted by physical
pressing of the red beetroots, followed by centrifugation and, to isolate
pigments, methods such as thermal evaporation or osmosis can be used
[137]. However, a significant part of betalains using physical processing
remains in plant cells, thus to increase isolation efficiency, extraction
should be applied. Betalain extraction methods briefly can be classified
as conventional and non-conventional or intensive extraction methods
(Table 4).

Conventional extraction methods involve the use of water or water:
ethanol, acetone, or other solvent mixtures and treatments such as
maceration, stirring, Soxhlet extraction, and others [138,139].

However, to increase betalain yields and prevent their degradation
during treatment, extraction methods that disrupt plant cells, provide
intensive mixing and, in general, intensify the extraction process are
preferable (Table 4). Intensification of extraction mass mixing can be
achieved using microwave or ultrasound-assisted extraction. Treatment
of plant biomass in extraction solvent with waves at a wavelength from
100 pm to 1 cm (microwaves) creates internal pressure in cells and cell
wall rupture, as well as intensive mixing of extraction mixtures, not
requiring additional heating [142,149]. Use of microwave-assisted
extraction of betalains from different biomass waste provided possibil-
ities to obtain betalains with higher yields in comparison with conven-
tional extraction [140].

Ultrasound generates pressure waves, creating a cavitation effect in
the liquid phase, supporting solvent penetration (diffusion) into biomass
and increasing the efficiency of extraction media mixing [150,151].
Micro-jets have a hydrophobic surface, and thus hydrophobic in-
teractions during the extraction process can be increased, providing
possibilities to extract low polarity substances in aqueous solvents. Ul-
trasound extraction can be more easily upscaled than microwave
extraction, although safety concerns remain a limitation [151]. At the
same time, ultrasound produces heat, which can destroy more labile
compounds. Several studies have demonstrated the efficiency of
ultrasound-assisted extraction [144,143].

5. Overcoming the instability of natural pigments for the food
industry

5.1. Anthocyanins

The basic structure of anthocyanins is the flavylium cation, which is
highly sensitive to environmental factors, leading to the degradation of
the pigments and loss of colour. Glycosyl moieties, specifically the hy-
droxyl groups on the sugar chain, are the key targets for modification
and stability improvements [152-154].

Acylation has emerged as a highly effective method for anthocyanin
stabilisation — this process introduces acyl groups to the anthocyanin
molecule, usually at the hydroxyl groups of the glycosyl moiety, thus
forming acylated anthocyanins. There are two types of acylation —
chemical and enzymatic — with enzymatic acylation being the preferred
method due to its high specificity and mild reaction conditions [153,
155]. Enzymatic acylation is usually done with enzymes like lipases,
which catalyse the transfer of acyl groups from fatty acids or phenolic
acids to the hydroxyl groups of anthocyanins [153,156]. The lip-
ophilicity and antioxidant activity of the acylated anthocyanins have
been shown to improve by the use of enzymatic acylation [157]. Often,
short-chain fatty acids are used in various food-related and technolog-
ical applications solutions [158]. Chemical acylation uses acylating
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Table 4
Betalain extraction methods from plant biomass.
Source of betalains Extraction conditions Extraction solvent Yields of betalains Reference
Beta vulgaris Conventional: Vortexing Water/methanol.formic acid Betacyanin 4.11 mg/g [138]
84.95/15/0.05, v/v

Beta vulgaris Conventional: stirring, pH 1.5 - 5.5, T 30 — 70 °C, t 2.5 — 12.5 min Water Betacyanin 1.75 - 62 mg/L, [139]
pomace betaxanthin 1.79 - 61 mg/L

Beta vulgaris peels Microwave, pH 5.20, < 1min Water acidified with citric Betanin 470 mg/L [140]

acid; ethanol

Opuntia engelmannii Microwave, T < 30 °C, t < 5 min Methanol 0 - 35 % Betalains 200 mg/g [141]
peels

Amaranthus Microwave, T 90 °C, t < 15 min Water Betacyanin 72 mg/g, betaxanthin [142]
tricolour leaves 42 mg/g

Beta vulgaris Ultrasound, pH 5.5, T 35 °C, t 25 — 45 min Methanol, ethanol 30 - 100 % Increase by 30 % of betalains, [143]
pomace betaxanthins

Hylocereus Ultrasound, T < 30 °C, t 20 min Ethanol 30 % Betalains 2 mg/g [144]
polyrhizus pulp

Beta vulgaris dried Maceration, 1:20 biomass:solvent ratio, 300 rpm for 1 h, 25 °C Distilled water Betalains 535 mg/100 g [145]
peel

Hylocereus Homogenised with 95% ethanol, incubated at 40-50 °C for 60-90 Ethanol 95% Betalains 2.09 mg/g peels [146]
polyrhizus peel min, filtered

Opuntia ficus pulp Ultrasound-assisted extraction, 1:10 sample to solvent ratio, 10.43 23.15 % glycerol Betalains 858.28 mg/L [147]
and peel min treatment time, and 31.15 °C temperature

Hylocerus polyrhizus Homogenisation, centrifugation Methanol Betacyanin 5.591 mg/mL [148]
peel

agents like acyl chlorides or anhydrides in the presence of a catalyst,
compared to enzymatic acylation, chemical acylation is done in harsher
conditions [153,159]. Acylation enhances the stability of the anthocy-
anins by reducing the nucleophilic attack on the flavylium cation against
light, temperature, and pH changes, and the improved solubility in
lipid-based matrices creates the possibility to use them in food and
cosmetic products [155,160]. In addition to acylation, several other
chemical modification strategies have been proposed. Methylation of
anthocyanins involves the modification of hydroxyl groups of the
anthocyanin molecules with methyl groups — this type of modification
improves the stability in low pH [62,160].

Several technological approaches to stabilise anthocyanins exist.
Most commonly, anthocyanin-rich extracts are encapsulated in a pro-
tective matrix to shield them from the environmental effects (pH, tem-
perature, moisture, oxygen) (Fig. 8). The encapsulating matrices used
are protein isolates, maltodextrins, and other polysaccharides, in com-
bination with drying methods, such as freeze- or spray-drying. Micro-
and nano-encapsulation improves the shelf-life and colour intensity of
the pigments [161].

Copigmentation enhances the stability and colour intensity of an-
thocyanins. Copigmentation of anthocyanins can be divided into two
types: intramolecular and intermolecular. Intramolecular copigmenta-
tion happens when the same anthocyanin self-associates, while inter-
molecular copigmentation occurs when the anthocyanin molecule
interacts with phenolic acids or metal ions (creating metal-anthocyanin
complexes) [162,163]. Excellent stability improvements have been

Factors reducing natural pigment stability |

achieved by combining copigmentation and encapsulation, allowing for
an increase of the colour stability and retention [164].

Stabilisation efforts of anthocyanins mostly concentrate on the use of
these pigments in the food industry as natural colourants or as part of
functional foods [160,165]. Since anthocyanins also exhibit strong
antioxidant activity, they have been used as bioactive components in
pharmaceuticals [166]. Stabilised anthocyanins have different solubility
than their native forms, thus the use of these molecules is also extended
in cosmetic products, which are more lipophilic in nature [167].
Anthocyanin complexes have also been extensively studied in the
context of their use in intelligent packaging — the visual change of colour
depending on the pH can be used to indicate the freshness of produce,
meat, or other products [168,169]. Despite the general acceptance and
progress made towards stabilisation of anthocyanins, several chal-
lenging aspects remain (Fig. 8). Stability advantages offered by acyla-
tion are met with the issues in scalability and the overall costs of the final
product, making this approach not viable. In addition, the use of
modified anthocyanins requires the approval of regulatory bodies, firstly
to ensure safety and secondly to eliminate any possible toxicity issues,
which is a time-consuming and costly process. Nevertheless, work
should continue on these aspects, since technological advancements will
allow to optimise stabilisation reactions and materials to improve the
yields and produce higher quality end-products.

Strategies for stability improvements
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5.2. Chlorophylls

Chlorophyll's inherent instability under environmental factors such
as light, heat, pH, and exposure to oxygen can limit their broader
application in food and food systems [170]. Several stabilisation stra-
tegies that can effectively preserve the colour of chlorophylls have been
described, however, the lack of standardised evaluation protocols does
not allow for full evaluation of the possible applications of the stabilised
chlorophyll (Fig. 8).

Encapsulation is the most promising and most researched approach
for the stabilisation of chlorophylls — up to 90-97% encapsulation effi-
ciency has been achieved [171]. Encapsulation involves surrounding the
chlorophyll molecule with a protective material, for example, proteins,
carbohydrates, or lipids, thus creating “capsules” that shield the pigment
from extrinsic factors. Encapsulation methods such as spray drying with
inulin-whey protein or freeze-drying with maltodextrin and whey pro-
tein isolate have shown high efficiency of encapsulation. Carrier mate-
rials such as whey protein, maltodextrin, and polysaccharides (e.g.,
sodium alginate, carrageenan) influence encapsulation efficiency and
thermal stability of chlorophyll microcapsules [171,172]. Although
spray drying, as an encapsulation method, holds more promise for in-
dustrial applications due to the possible scaling of production, freeze
drying shows superior encapsulation efficiency, particularly for appli-
cations where pH and light stability are important [173]. Encapsulation
increases thermal and photostability with practical application of the
created ingredients in dairy products [173,174]. Encapsulation of
chlorophylls in nanoemulsions can increase the hygroscopicity,
bioavailability, and stability even further [175,176], expanding the
concepts of pigment stabilisation beyond conventional encapsulation
[175]. Encapsulation efficiency and experiments, where the stability has
been demonstrated, proves that the microenvironment modification is
critical for pigment stability [172]. Spray-drying microencapsulation of
chlorophyll using whey protein isolate (WPI) markedly improves chlo-
rophyll stability, water solubility, and antioxidant activity by protecting
the pigment from thermal, oxidative, and environmental degradation
[177,178]. Spectroscopic analyses (FT-IR, fluorescence, XRD) indicate
strong interactions between chlorophyll and WPI—primarily via hy-
drophobic interactions and hydrogen bonding - leading to reduced
crystallinity and enhanced structural stabilisation of chlorophyll within
the protein matrix [178]. Increasing WPI ratio and optimising inlet air
drying temperature result in higher encapsulation efficiency (>95%),
lower moisture content, and improved retention of antioxidant activity
during storage [177,178]. Overall, WPI-based microencapsulation is an
effective strategy to enhance the physicochemical stability and func-
tional performance of chlorophyll for food and bioactive applications.

Metal ion replacement, particularly with Zn?* and Cu?', has
emerged as a highly effective stabilisation strategy that enhances both
thermal and acid stability of chlorophyll [62,179]. This approach in-
volves substituting the central magnesium ion in chlorophyll with more
stable metal ions, creating chlorophyll derivatives with improved
resistance to environmental stressors [180]. The combination of metal
ion substitution with high hydrostatic pressure processing creates syn-
ergistic effects that significantly improve colour stability and antioxi-
dant activity [181,182]. This dual approach addresses multiple
degradation pathways simultaneously, providing protection for chloro-
phyll in food applications by stabilising the chlorophyll structure against
different stressors and improving the thermal stability [182]. Copper
chlorophyllin is commercially available and approved by the food safety
authorities in the EU, Australia, the UK, and several other regions,
however in the US, the use of copper complexes of chlorophyll are
prohibited for use in food. While copper chlorophyllin is widely used in
different products, due to the changes it has to undergo to increase its
stability (the exchange of Mg to Cu), it is not considered as a natural
pigment, thus it is still important to research new possibilities of chlo-
rophyll stabilisation with other additives and methods.

Hydrocolloids such as pectins, xanthan gum, gum Arabic, or
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carboxymethyl cellulose have been used to stabilise chlorophyllin in
acidic environments by the formation of electrostatic and hydrogen
bonds, which reduces the particle size and improves dispersion [182,
183]. Hydrocolloid stabilisation improves the colour retention without
changing the pH [182]. Emulsifiers like sucrose fatty acid ester or sa-
ponins promote chlorophyll aggregation thus protecting it against
photodegradation in aqueous systems [184]. By combining nano-
structured carriers with hydrocolloids or emulsifiers, it is possible to
achieve synergistic chlorophyll stabilisation effects suitable for indus-
trial applications [185]. While a promising technique, the interaction
mechanisms between the hydrocolloids/emulsifiers and chlorophyll
have not been fully investigated and require further optimisation. Some
of the stabilising agents may affect the flavour and texture and could
potentially give radically different colouring and stability properties
depending on the food matrix. Also, the health implication of some of
the investigated emulsifiers can limit their application [183,184].

The importance of emerging green extraction technologies must also
be mentioned in the context of chlorophyll stabilisation, as the extrac-
tion of chlorophyll from food or agro-waste biomass is the stage the most
susceptible to degradation [186]. Non-thermal extraction techniques,
such as enzyme-assisted extraction and supercritical CO5 extraction,
allow to obtain solvent-free pigments with additional antioxidants, at
the same time aligning with the sustainability goals and supporting
circular economy initiatives [187]. Extraction using the mentioned
methods helps in preserving chlorophyll due to the required low tem-
peratures for the process. Enzyme-assisted extraction can be combined
with metal ions (e.g., Zn) to enhance the chlorophyll yield and colour
quality [188]. Although promising, these environmentally friendly
extraction methods, which contribute to higher pigment stability, lack
industrially justified experiments, additionally, the cost and activity
consistency should be evaluated [189].

Despite advances in chlorophyll stabilisation several limitations still
exist that hinder industrial adaptation. The primary concern is the
scalability: while several techniques demonstrated on lab-scale show
promising results, the upscaling to commercial-scale faces challenges
due to the costs of the operation, materials, or complexity of the sug-
gested approaches. Long-term stability across different food matrices
complicates the creation of one-fits-all solutions due to the different
environmental factors which lower the stabilisation effectiveness.
However, integration of multiple techniques shows potential synergistic
stabilisation effects, but it comes with increased complexity and costs of
the process. Adaptation of novel stabilisation techniques requires
techno-economic analysis and evaluation of commercial viability to
provide a comprehensive stabilisation framework of chlorophyll for the
food industry.

5.3. Carotenoids

Carotenoids are widely used in the food industry due to their col-
ouring properties and health benefits, however, challenges relating to
their chemical instability, poor solubility in water, and susceptibility to
oxidation require methods for stabilisation that would mitigate these
effects (Fig. 8). The conjugated double bonds within the carotenoid
molecules provide them the bright hues, however, they make these
molecules chemically unstable and prone to oxidation [190,191].
Encapsulation and nanoencapsulation techniques are used to protect the
double bonds by creating a physical barrier against oxygen, light, and
heat [192,193]. Supramolecular complexes created with materials like
alginate, chitosan, or gelatine can modulate the release kinetics,
improve the bioavailability of carotenoids, and alsosupport their sta-
bility [193]. Incorporation of antioxidants into carotenoid-containing
formulations has also been shown to improve the shelf life of products
in relation to carotenoid contents [191]. While these strategies enhance
the stability and bioavailability of carotenoids, challenges remain in
terms of scalability and regulatory approval for commercial use.

Micro- and nano-encapsulation in combination with spray drying are
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the primary methods studied and investigated for stabilisation of ca-
rotenoids to prevent their degradation in light, heat, oxygen, and
various processing conditions. Studies indicate that the choice and
combination of different wall materials used can impact the stability of
carotenoids, encapsulation efficiency, and their controlled release, and
thus bioavailability [194]. Various wall materials have been used, for
example, maltodextrin, gum Arabic, modified starches, proteins, poly-
saccharides, and carbohydrates [195]. Optimisation of encapsulation
parameters, such as the wall material concentration, drying tempera-
ture, and ratios of wall materials when used in mixtures, is crucial for
enhancing thermal stability and preservation of colour during storage
[196-198]. It has been shown that using microencapsulation can
improve the f-carotene retention by up to 70-90% [194-196]. Nano-
encapsulated lycopene has been shown to retain 80% of its concentra-
tion under accelerated storage conditions, and at the same time,
improved bioavailability was observed [199], nanoencapsulation can
ensure 80-90% pigment retention when polymeric nanoparticles or cy-
clodextrins are used [190,200,201]. Nanoencapsulated carotenoids
show superior stabilisation effect as compared to microencapsulation
due to the smaller particle size and larger surface area [202]. Despite
shown retention and promise in carotenoid stabilisation, the variability
in encapsulation efficiency across studies shows differences in wall
materials, carotenoid sources, and overall drying parameters, influ-
encing the final result. The influence of encapsulation on sensory attri-
butes is largely underexplored, limiting the practical applications.

Pickering emulsions stabilised by polysaccharides or proteins have
been developed for carotenoid encapsulation, which improve the
physical and chemical stability, offering enhanced bioaccessibility and
controlled release [203,204]. Emulsifiers and surfactants, like zein or
Tween, have been shown in various emulsion systems to enhance lutein
and f-carotene stability, improve sensory attributes, and protect from
various degrading factors [205,206].

Combined encapsulation techniques show promise in enhancing the
carotenoid stability even further. Different mixtures of wall materials
can be used, requiring optimisation of the wall material ratios [205].
Addition of antioxidants to the encapsulation matrix has been demon-
strated to improve the stability of encapsulated carotenoids. Incorpo-
ration of antioxidants, for example, ascorbic acid, phenolic acids, and
tocopherols, has been demonstrated to synergistically improve the
carotenoid stability by scavenging free radicals and reducing oxidation
[207,208]. Using antioxidants as additives in encapsulation can reduce
the degradation under UV irradiation, thus improving the shelf life of
products [203]. The complex interactions between wall
material-pigment-antioxidant are not fully investigated, thus compli-
cating the optimisation of formulations [208]. Also, since antioxidants
typically have a distinct taste, the sensory properties should be evalu-
ated in combination with the regulatory aspect prior to incorporation in
food matrices [197].

Carotenoids encapsulated in different matrices have been used in
various food products, such as cookies, yoghurt, beverages, confec-
tionery, and even 3D printed foods [205,209,210]. The main positive
demonstrated effect is the preservation of colour and antioxidant ac-
tivity, giving the product an additional functional property [204,206].
Despite efforts to transfer the lab-scale development to pilot or industrial
scale production, several aspects still remain unexplored — sensory at-
tributes, texture when the stabilised material has been added to the final
food matrix, long-term stability, and consumer acceptance [197,211].

5.4. Betalains

The factors influencing betalain stability are pH of the environment
[212], presence of antioxidants [213], use of encapsulation agents
[214], chelators [215], and elevated temperatures [216]. Stabilisation
of betalain molecules happens through the neutralisation of the elec-
trophilic centre of the molecule by the interaction with the charged
nitrogen (antioxidants, chelators) or by creating inclusion complexes
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acting thus protecting the pigment (dextrins) [97].

Betalain stability is usually improved through encapsulation (Fig. 8).
Different encapsulating agents have been used, like cellulose-based
materials [217], polysaccharides, proteins [50]. Most frequently used
polysaccharides for the encapsulation of betalains are maltodextrin
[218], guar gum, gum Arabic [219], xanthan gum, pectin [146].

The stability of betalains can be improved through copigmentation.
A recent study on an underutilised, betalain-containing Celosia cristata L.
flowers indicated that betalain stability can be increased through
copigmentation with gum Arabic, pectin, whey protein ascorbic acid,
and calcium carbonate in the concentrations 0.33, 0.33, 0.33, 0.05, and
0.01%, respectively [220]. Betalain stability and thermal stability were
significantly increased during the storage period tested [220]. Betalain
stability is known to be pH dependent — at alkaline conditions, pH above
10, betalains tend to degrade and a bathochromic shift occurs [221].
Maltodextrin as an encapsulating agent was demonstrated to increase
the pH stability of betalains [218].

Microcrystalline cellulose has been proposed as a natural encapsu-
lating agent, which provides advantages over the more commonly used
polysaccharide materials — the degree of crystallinity and degree of
polymerisation, particle size, shape, thermal stability, and porosity, as
well as the large surface area and moisture retaining characteristics.
Betalain encapsulation using microcrystalline cellulose as the wall ma-
terial was shown to promote storage stability of betalains at 4 and 27 °C
in light and dark conditions, thermal stability was improved at 80 and
100 °C at various pH (1.2 — 7.4 pH) and water activities (0.089 and
0.898), indicating the potential of this encapsulating material in natural
pigment encapsulation [217].

In recent years, pigment stabilisation has emerged as a distinct and
rapidly expanding research domain, with microencapsulation and
nanoemulsion-based systems receiving particular attention [222,223].
Microencapsulation using biopolymeric carriers, including poly-
saccharides, proteins, lipids, and their combinations, has been widely
explored to improve the resistance of natural pigments against light,
oxygen, temperature fluctuations, and pH variation, while enhancing
handling properties and compatibility with diverse matrices [96,178,
224]. Similarly, nanoemulsions and other nanostructured delivery sys-
tems have been developed, particularly for lipophilic pigments such as
carotenoids and chlorophylls, enabling improved dispersibility, colour
uniformity, and oxidative stability in aqueous formulations [222,225].
Collectively, these approaches demonstrate clear potential to mitigate
intrinsic pigment instability and broaden application possibilities across
food, cosmetic, and pharmaceutical systems. Most stabilisation studies
are conducted at laboratory scale and rely on short-term storage ex-
periments, providing limited insight into long-term stability, degrada-
tion mechanisms, and performance under real processing and
formulation conditions [96,223]. Furthermore, comparative assess-
ments across stabilisation strategies are scarce, and standardised pro-
tocols for evaluating stabilisation efficiency, release behaviour, and
matrix interactions are largely lacking [96,224]. Scale-up feasibility,
cost-efficiency, and regulatory considerations, particularly, for
nano-enabled systems, remain insufficiently addressed, limiting indus-
trial uptake despite promising laboratory results [223,225]. Addressing
these limitations through application-oriented, comparative, and
pilot-scale studies is essential for translating stabilisation advances into
industrially viable solutions and informing about future perspectives in
the field.

6. Conclusions and future perspectives

Research on natural pigments and their extraction from food, agro-
food, and biowastes has become an important field of study, driven by
the potential to address the environmental aspects of waste valorisation,
waste reduction, and satisfying ever-increasing consumer demand for
natural, health-promoting additives. These techniques not only present
higher extraction yields, but also better preservation of the bioactivities
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related to the retrieved pigments and reduced energy consumption, as
well as solvent use, thus aligning with green chemistry and circularity
principles. Biomass sources potentially used for pigment extraction,
such as agro-industrial wastes and food wastes, reflect the vast untapped
potential of, at least a part of, nearly 1.64 billion tonnes of annual global
food waste. Additionally, recent research focuses on biosynthetic and
microbial fermentation methods to produce genetically enhanced
biomass for pigment extraction — biotechnologies offer scalable, season-
independent alternatives for pigment extraction, although these
methods are still constrained by the high production costs, safety con-
cerns, and complex regulatory landscapes. Despite the recognised
environmental and functional advantages of natural pigments retrieved
using green extraction technologies, challenges in pigment stability, the
economic feasibility, and scalability of the extraction systems remain to
be demonstrated. The emphasis of the research in the natural pigment
field depends on the disciplinary perspectives and maturity levels of the
technologies used, which is connected to the type of biomass utilised,
whether it is microbial, algal, biotechnologically produced, or plant-
derived. Commercialisation of natural pigments is further complicated
due to the regulatory considerations and consumer acceptance, with
many studies highlighting the need for more comprehensive frameworks
to ensure safety and efficiency. The trade-offs between the yield,
bioactivity, and sustainability of the proposed processes underscore the
lack of integrated assessment protocols that can fully consider envi-
ronmental and economic aspects (Fig. 9). In particular, pigment stabi-
lisation remains one of the most critical unresolved bottlenecks limiting
the translation of laboratory-scale advances into commercially viable
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products. Natural pigments are inherently sensitive to light, oxygen,
temperature, pH, and matrix composition, and current stabilisation
strategies often fail to provide sufficient protection under real processing
and storage conditions [2,222]. While encapsulation, nanoemulsions,
copigmentation, and biopolymer-based carriers have demonstrated
improved stability at laboratory scale, there is limited mechanistic un-
derstanding of pigment—carrier interactions, diffusion behaviour, and
degradation pathways within complex food and cosmetic matrices [96,
224]. Overall, while natural pigment research offers strong opportu-
nities, significant knowledge gaps must still be addressed to enable
economically and ecologically viable biomass valorisation into stable,
application-ready pigments.

Recent studies show advancements in green extraction techniques,
such as ultrasound-assisted, microwave-assisted, supercritical fluid
extraction, and the use of natural deep eutectic solvents, which offer
higher pigment yields, reduced solvent use, and enhanced bioactivity
preservation, aligning with circular economy and green chemistry
principles [226,180,227,228]. Complementary approaches, such as
pulsed electric field, cold plasma, hydrostatic pressure, and nanotech-
nologies, can further improve stability, extraction selectivity, and
functionality of the pigments [225,229]. Environmentally, these
methods reduce landfill burden, mitigate greenhouse gas emissions, and
lower ecological footprints by minimising toxic solvent use and energy
consumption [230,231]. Despite the advancements and adaptation of
different techniques in natural pigment research, challenges persist in
industrial scalability, high initial investment needs, and the requirement
for specialised equipment, particularly when optimising processes for
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diverse sources of biomass [232]. Additionally, natural pigment stability
during and post-extraction remains a limiting factor for application [2].
Most encapsulation and stabilisation studies remain confined to
short-term storage tests and small batch sizes, with limited pilot-scale
validation and scarce data on long-term stability, batch-to-batch vari-
ability, and cost-efficiency under industrially relevant conditions [96,
223]. Future research should therefore prioritise systematic, compara-
tive evaluations of encapsulation materials and stabilisation strategies
using identical pigments across multiple matrices, alongside pilot-scale
trials that integrate extraction, stabilisation, and formulation steps.
Biotechnological methods for obtaining biomass for pigments offer a
promising alternative for scalable pigment production, for example, for
astaxanthin, however, there are disagreements over which methods are
the most practical for application and industrial scaling, therefore, more
realistic are the approaches where plant-derived biomass is used [233,
234]. Bridging the gap between lab-scale experimental setups and in-
dustrial implementation requires thorough pilot-scale studies to eval-
uate the commercial potential of sustainable pigment production [231].
The absence of thorough techno-economic and life cycle assessments
limits understanding of long-term sustainability and market feasibility
of natural pigment production [2,223].

Regulatory frameworks within the natural pigment sector are
evolving gradually in order to address the safety, toxicity, labelling, and
quality standards, and take into consideration the development of new
extraction methods and biotechnological solutions for pigment pro-
duction [5,227,229]. While deep eutectic solvents align with the safety
and sustainability goals, evaluation of their toxicity remains a challenge,
particularly for novel solvent systems with unknown synergistic evalu-
ations. Although natural pigments are generally perceived as safe al-
ternatives to synthetic dyes and offer health benefits that support their
inclusion in functional foods [235,236], regulatory approval is often
delayed due to fragmented global standards and incomplete risk as-
sessments. The lack of harmonised regulatory guidance also affects the
adoption of novel encapsulation and nanostructuring approaches, as
uncertainties regarding material safety, labelling, and nano-specific risk
assessment can discourage industrial uptake and investment [223,225].
The limitation of novel product regulatory acceptance can limit the R&D
efforts in certain regions, meaning that innovations will flow to the re-
gions with more liberal regulatory burdens, and thus, the inventors,
scientists, and entrepreneurs will follow their inventions. Regulatory
acceptance is crucial for innovation uptake and a lack of organised
frameworks can lead to loss of progress within the field and further
re-importing of the innovations to where they originated. Consumer
acceptance and compliance with food safety regulations are essential for
market success, yet discussions on harmonised international guidelines,
standardised labelling, and safety testing protocols are often insuffi-
ciently detailed. As regulatory clarity is crucial for market access, in-
ternational collaboration among scientists, industry, and policymakers
is needed to establish unified frameworks that support commercialisa-
tion while ensuring public health protection.

Stability of natural pigments remains a critical challenge limiting the
practical application and commercialisation of natural pigments, due to
their sensitivity to various abiotic factors [2,226]. Innovative stabilisa-
tion techniques such as encapsulation, nanostructuring, and copigmen-
tation have shown potential in enhancing resistance to degradation,
improving shelf life, functional aspects, and overall appeal in various
matrices [222,224,225]. Extraction techniques that avoid the use of
elevated temperatures contribute even further to preservation of
pigment colour integrity [180]. In the context of large-scale pigment
production from food processing by-products and agro-industrial resi-
dues, contamination risks associated with raw material heterogeneity,
pesticide residues, heavy metals, and microbial load must be carefully
considered. Future research should therefore integrate contamination
monitoring, pre-treatment strategies, and compliance with food and
feed safety regulations into extraction and stabilisation workflows,
alongside techno-economic and life cycle assessments, to ensure safe and
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regulatory-compliant industrial implementation. Similarly to the
extraction, also in stabilisation, the scalability remains a challenge - the
stabilisation approaches remain insufficiently validated for real-world
industrial applications, only a few pilot-scale studies have explored
these aspects [96]. While the research supports the potential of
advanced stabilisation techniques to overcome degradation of natural
pigments, the method of choice can differ based on the application.
Comparative studies and standardised protocols are needed to evaluate
the stabilisation efficiency in different matrices.

Despite extensive investigation of encapsulation and stabilisation
strategies, several unresolved technical challenges remain insufficiently
addressed. Many carrier systems provide limited protection against
oxidative and photo-induced degradation, particularly under thermally
or mechanically demanding processing conditions. In addition, pig-
ment—carrier interactions, release kinetics, and degradation mechanisms
within complex matrices remain poorly understood, limiting the
rational design of stabilisation systems tailored to specific pigment
classes. Future research should therefore prioritise comparative,
application-oriented studies that evaluate stabilisation efficiency,
degradation pathways, and release behaviour across different matrices,
coupled with pilot-scale validation and techno-economic assessment.
However, the scalability of these stabilisation techniques remains
insufficiently demonstrated, as only a limited number of studies have
evaluated their performance beyond laboratory scale or under real in-
dustrial processing conditions. Addressing these gaps will require the
development of standardised testing protocols, integration of techno-
economic and life cycle assessments, and closer collaboration between
academia and industry.
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