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ABSTRACT: Anthocyanins (ACNs), a major class of water-soluble flavonoid pigments, are responsible for the vivid
red, purple, and blue hues in many edible ornamental flowers. Recently, increasing attention has been directed
toward these flowers not only for their aesthetic value but also for their nutritional and functional potential, such
as antioxidant, anti-inflammatory, antidiabetic, anticancer, and cardioprotective activities. This review summarizes
current knowledge on the source and biosynthesis pathways of ACNs in edible ornamental flowers, highlighting
the key enzymes and regulatory genes involved. Factors affecting ACN stability, such as chemical structure, pH,
temperature, light, oxygen, water activity, copigmentation, and microencapsulation are discussed in detail to provide
insights into preserving their color and functionality in food systems. Eight extraction techniques, including solvent
extraction (conventional method), and ultrasound-assisted, microwave-assisted, pulsed electric field-assisted, cold
plasma-assisted and green solvent methods, are compared in terms of efficiency, sparing energy, environmental impact,
and scalability. Among the 11 different types of edible flowers, the top four for total ACNs (g cyanindin-3-glucoside/kg
DB) are rose (33.3), saffron (10.2), roselle (10.0), and butterfly pea flower (3.5), making them good sources of red to blue
ACN s for exploring industrial scale-up. Finally, the review explores their diverse applications in the food industry
as natural colorants, functional ingredients, and intelligent packaging films, offering potential for clean-label and
health-oriented products. Overall, edible ornamental flowers represent a sustainable and multifunctional source of
ACNs with promising applications in both nutrition and food technology. Future directions should focus on enhancing
ACN stability, reducing extraction costs, and validating their efficacy through in vivo studies and industrial-scale trials.
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1 Introduction

Numerous ornamental plants produce flowers that are edible and have long been used in traditional
diets in various regions [1,2]. Species, safety, and regulation of common edible flowers lists in Table 1.
These flowers vary widely in morphology, aroma, phytochemical and pigment compositions, with ACNs
being the primary pigments responsible for red, purple, blue, and magenta hues [3-5]. The edible flowers
of osmanthus, lily, jasmine, chrysanthemum, marigold, and cactus appear white, yellow, orange, or red
color, due to the presence of flavonoids, carotenoids, and betalains [6,7]. However, many of the ornamental
flowers, such as oleander, jimsonweed, tulip, and hydrangea (Table 1), are inedible because they contain
toxic or harmful components [8,9].
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Table 1: Species, safety, and regulation of common edible and inedible flowers.

Items Edible Flowers Inedible Flowers

Chrysanthemum morifolium, Clitoria ternatea, Crocus
sativus, Dianthus caryophyllus, Hibiscus rosa-sinensis,
Hibiscus sabdariffa, Hibiscus syriacus, Jasminum sambac,
Lavandula angustifolia, Lilium lancifolium, Nelumbo
nucifera, Ocimum sanctum, Opuntia ficus-indica,
Osmanthus fragrans, Paeonia lactiflora, Paeonia
suﬁruticosa, Prunus serrulata, Rosa rugosa, Tagetes erecta,
Viola tricolor

Convallaria majalis, Datura stramonium,
Hydrangea macrophylla, Nerium oleander,
Papaver rhoeas

Rhododendron simsii

Tulipa gesneriana

Scientific name

Intrinsic toxins: alkaloids, cyanogenic

Safety Generally safe glycosides, cardiac glycosides, etc.

Approved as food materials and compliant with
regulations (e.g., China’s NY/T 1506; the U.S. Federal
Food, Drug, and Cosmetic Act along with 21 CFR Parts
172 and 182; and the European Union’s EU 2015/2283 as
well as EC No. 396/2005), including limits on pesticide
residues, heavy metals, and microbial counts

Regulatory status Consumption prohibited

ACNss are natural water-soluble pigments widely distributed in flowers, fruits, leaves, and seeds of plant
kingdom [10]. In plants, ACNs protect tissues from damage caused by excessive light, ultraviolet radiation,
and oxidative stress. They also play a crucial role in attracting pollinators and seed dispersers, which
enhances plant reproductive success. The basic structure of anthocyanin is the 2-phenylbenzopyrylium
cation. ACNs are constituted by anthocyanidins, sugars, and/or organic acids, as shown in Fig. 1. The
six most common anthocyanidins (aglycones) in foods are delphinidin, cyanidin, pelargonidin, malvidin,
petunidin, and peonidin. The diversity of ACN structures, including variations in the types, numbers
and sites of methoxyl, glycoside, and acyl groups, contributes to the wide range of colors observed in
ornamental flowers [11]. The common sugars attached in 3, 5 and/or 7 positions in A and C rings as well
as hydroxyl groups in B ring of ACN are glucose, galactose, arabinose, xylose, and their disaccharides or
trisaccharides. Aromatic and aliphatic organic acids attached to the sugar moieties are caffeic, p-coumaric,
sinapic, p-hydroxybenzoic, ferulic, malonyl, malic, succinic, and acetic [12]. These structural differences
not only influence pigmentation but also affect ACN stability and bioactivity [13]. The intensity and hue of
color are influenced by factors such as pH, metal ions and copigments present in the cellular environment.
Since 2000, research on ACNs has been extremely popular, with more than 44,000 papers reported [14].

Ry
Anthocyanidin R, R,
OH
Cyanidin OH H
Delphinidin OH OH
R40
Rz Pelagonidin H H
Malvidin OCH; OCH;
O-Glycoside—-(Acyl)
Peonidin OCH; H
ORs Petunidin OH OCH;

Figure 1: Chemical structures of anthocyanins and anthocyanidins: R; and R4 represent —H or a glycoside.
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Edible ornamental flowers are rich in bioactive compounds including ACNs, flavonoids, phenolic
acids, phytosterols, terpenoids, polysaccharides, and tannins, and have been demonstrated to exert
beneficial effects on human health shown in Table 2. Epidemiological and experimental studies suggest that
anthocyanin-rich foods and flowers may reduce the risk of chronic diseases, such as cardiovascular disease,
diabetes, obesity, and certain types of cancer [15-17]. These protective effects are primarily attributed
to their strong antioxidant activity, which allows them to scavenge reactive oxygen species and reduce
oxidative damage in biological systems. Furthermore, ACNs may modulate signaling pathways involved in
inflammation, lipid metabolism, and cellular stress responses. They significantly affect inflammation-related
biomarkers including C-reactive protein, tumor necrosis factor alpha, interleukin-6, and adiponectin, as
well as inhibit lipase, a-amylase, and «-glucosidase activities [18,19]. Recent evidence also suggests that
ACNs may influence gut microbiota compositions, thereby contributing to overall metabolic health [20].

Table 2: Phytochemicals, color, and health benefits or functions of some edible ornamental flowers.

Flowers Color Phytochemicals Functions or Health Benefits References

Antioxidative, anti-inflammatory,

ACN:s, flavonols, 1. . .
antidiabetic, antitumor and

Butterfly pea henolic acids, .
. yp Blue P neuroprotective effects; [17,21-24]
Clitoria ternatea phytosterols, and 1
Inhibit lipase, x-amylase, and
tocopherols .
a-glucosidase
ACN:g, flavanols, Anti-inflammatory, antiviral,
Cherry blossoms . . . . o
. Pink polyphenols, and antidiabetic and anticancer effects [25-27]
Prunus species . . s
polysaccharides «-glucosidase inhibition
Antioxidant, anti-inflammatory
ACNSs, phenolics, effects,
Lavender . flavonoids, antimicrobial and antifungal
. Violet . o . o [28-30]
Lavandula species monoterpenes, tannins activities, sedative and anxiolytic
and phytosterols activities, reduction of dementia
and cancer cell growth
Antioxidant, anti-inflammatory
and hepatoprotective activities;
reduce oxidative stress; alleviate
Lotus ' Red, pink ACNs, flavones, mu.sc.le fétigue;' inhibit enzyme [31-34]
Nelumbo nucifera flavonols, polyphenols activity, including [3-secretase,
acetylcholine esterase,
angiotensin-converting enzyme,
lipase, and (3-glucosidase
Antioxidant, cytoprotective and
Herbac.eous peony Pink, red ACNé, polypher'lols,‘ . anti'bacterial effects; . [35-38]
Paeonia lactiflora flavonoids, essential oils  antiglycation and antityrosinase
capacity
Antioxidant, anti-inflammatory,
ACNS, polyphenols, oxical . arory
Rose . . . antibacterial, antimutagenic and
Red flavonoids, ascorbic acid, . T [39-42]
Rosa rugosa S . neuroprotective, and antianxiety
essential oil, carotenoids .
activities
Antimicrbial, antioxidant,
Roselle ACNs organic acids, antihypertensive, antidiabetic,
o . Red flavonoids, phenolic hepatoprotective, [43-45]
Hibiscus sabdariffa . L .
acids, and ascorbic acid nephroprotective, and

antigenotoxic effects
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ACNs in flowers are primarily concentrated in the vacuoles of petal epidermal cells. Owing to the
thin cell walls, large vacuoles, low viscosity, and loosely organized tissue structure, cell wall disruption is
relatively easy and solvent penetration is highly efficient. Consequently, compared with fruits, vegetables,
or seeds, bioactive compounds in flowers are the easiest to extract. Flower petals therefore represent an
ideal raw material for ACN extraction. Unlike previous reviews that focus primarily on ACNs from common
fruits and vegetables, or single species of ornamental flower, this review targets various edible ornamental
flowers as a distinct and underutilized source, offering a systematic comparison of their anthocyanin
contents and characteristics, biosynthesis and regulatory mechanisms, stability factors, green extraction
methods, food industry applications, and future research perspectives—an integrated perspective absent
from the literature.

To achieve these objectives, the methodology employed for this article focused on identifying relevant
papers published between 2015 and 2026. Searches were conducted across databases including Web of
Science, Google Scholar, and PubMed. A comprehensive set of keywords was utilized, encompassing terms
such as: flower, petal, anthocyanin, biosynthesis, extraction, solvent, ultrasound, microwave, deep eutectic
solvent, cold plasma, supercritical fluid, stability, microencapsulation, health, bioavailability, intelligent
film, and food applications.

2 Biosynthesis and Its Regulation
2.1 Biosynthesis of Anthocyanin

The ACN biosynthetic pathway is a vital branch of the flavonoid biosynthesis pathway and is relatively
conserved among higher plants. This intricate process involves a series of enzymatic reactions (Fig. 2),
which are primarily divided into three stages: the formation of the basic ACN skeleton, the synthesis of
ACN precursors, and the modification of these precursors into various ACNs [46].

The first stage involves a general phenylpropanoid pathway common to many secondary metabolites.
It begins with the deamination of phenylalanine to cinnamic acid, catalyzed by phenylalanine
ammonia-lyase [47]. Cinnamic acid is then hydroxylated by cinnamate 4-hydroxylase to form p-coumaric
acid, which is subsequently activated by 4-coumarate-CoA ligase to yield 4-coumaroyl-CoA [48,49].

The second stage encompasses the conversion of 4-coumaroyl-CoA to dihydrokaempferol. Specifically,
chalcone synthase catalyzes the condensation of 4-coumaroyl-CoA with three molecules of malonyl-CoA
to produce naringenin chalcone, the first flavonoid intermediate in the pathway, which provides the
fundamental carbon skeleton for subsequent compounds [50]. Chalcone is then isomerized by chalcone
isomerase to form naringenin, which is further hydroxylated by flavanone 3-hydroxylase to generate
dihydrokaempferol [51].

The third stage involves the formation of various anthocyanidins through three distinct branching
pathways. Dihydrokaempferol serves as the common substrate for flavonoid 3’-hydroxylase and
flavonoid 3/, 5’-hydroxylase, producing dihydroquercetin and dihydromyricetin, respectively [52]. These
dihydroflavonols are then reduced by dihydroflavonol 4-reductase to their corresponding colorless
leucoanthocyanidins. Finally, anthocyanidin synthase catalyzes the oxidative dehydration of these
leucoanthocyanidins, resulting in the formation of the chromophoric yet unstable pelargonidin, cyanidin,
and delphinidin [53].

Functioning at the terminal stage of the pathway, ACN O-methyltransferase modulates the relative
abundance of major ACNs by catalyzing the methylation of cyanidin and delphinidin to produce peonidin,
malvidin, and petunidin, respectively [54]. In plant cells, these anthocyanidins are typically unstable and do
not persist as free aglycones [55]. Further modifications, including methylation, glycosylation, and acylation,
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of these six anthocyanidins yield a diverse array of ACN derivatives, which thereby enhancing the stability
and altering the spectral properties of the final pigments [56]. ACN glycosylation, primarily catalyzed
by UFGT, serves as a crucial stabilization step. Subsequent acylation, mediated by ACN acyltransferase,
conjugates aromatic or aliphatic acids to the glycosylated ACNs. This acylation modification further alters
their spectral properties and is closely associated with the shift of flower color toward blue or red hues [57].
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Figure 2: ACN Biosynthetic Pathway. Note: Enzymes are indicated by blue letters. The typical colors of compounds
are also shown, though the actual color depends on various factors. PAL: phenylalanine ammonia-lyase; C4H
cinnamate 4-hydroxylase; 4CL: 4-coumarate-CoA ligase; CHS: chalcone synthase; CHI: chalcone isomerase; F3H:
flavanone 3-hydroxylase; F3’H: flavonoid 3’-hydroxylase; F3’5'H: flavonoid 3’,5’-hydroxylase; DFR: dihydroflavonol
4-reductase; ANS: anthocyanidin synthase; AOMT: anthocyanin O-methyltransferase; UFGT: UDP-glucose-flavonoid
3-O-glycosyltransferase; AT: anthocyanin acyltransferase; GST: glutathione S-transferase; ABC: ATP-binding cassette;
MRP: multidrug resistance-associated protein; MATE: multidrug and toxic compound extrusion; BTL: bilitranslocase.
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Finally, the ACNs are transported into and accumulated within the vacuole, facilitated by specific
transporter proteins and transport vesicles [58]. This vacuolar sequestration is crucial for plant
coloration, as the compartmentalization and concentration of these pigments directly determine their visual
manifestation [59]. To date, five major classes of transporter proteins including glutathione S-transferase
and ATP-binding cassette proteins are also known as multidrug resistance-associated proteins, multidrug
and toxic compound extrusion transporters, and bilitranslocase homologues [59,60].

2.2 Regulation in Biosynthesis of Anthocyanin

The biosynthesis of ACNs is primarily regulated at the transcriptional level through the action of
transcription factors on structural genes [61]. To date, several transcription factor families, including MYB,
bHLH, WD40, Zinc finger, and WRKY, have been identified as key regulators of ACN metabolism [62,63].
Furthermore, detailed studies on species including Chrysanthemum morifolium, Dianthus caryophyllus,
Lilium spp. and Rosa spp. have confirmed the presence of ACN-regulating gene families that correspond to
these transcription factor types, as shown in Table 3.

Table 3: ACN-related transcription factor gene families in some edible ornamental flower.

Species Transcript Factors Regulated Key Enzymes Effect References
CmMYB6-MrbHLH1 CmDFR Positive [64]
CmMYB6-CmbHLH2 CmDFR Positive [65]
CmMYBYa CmCHS, Cmmdfr, CmFNS Positive [66]
Chrysanthemum CmMYBYa CmFLS Negative [66]
morifolium CmMYB12 Cmg&%‘%ﬁﬁgg FR Negative [67]
CmMYB21 NtDFR Negative [68]
CmMYB4, CmMYB5 Ntcﬁigg;%g? FR, Negative [69]
DcMYBI1-DcbHLH1 DcCHS, DcDFR Positive [70]
Dianthus caryophyllus DcWRKY15 DcCHS, DcF3H Positive [71]
DcMYB2 DcbHLHI Negative [70]
LvMYB5-LvbHLH13 LvF3’H, LvDFR, Lv3GT Positive [72]
LhMYB12 LhCHS, LhDFR Positive [73]
LhMYB18 AtDFR Positive [74]
LhMYBSPLATTER-LhbHLH2 LhF3H, LhDFR, LhUFGT, Positive [75]
LhGST
Lilium spp. LhAWRKY44 LhF3H, LhGST Positive [76]
LYWRKY75 chilféé?fi 3L,EANS’ Positive [77]
LvbZIP44 LvMYB5 Positive [78]
LhHB4 LhI\;I;]?;}I;IIZ/;\{Z;I‘ER, Negative [79]
OfMYB3, OfMYB4 F3H, F3’H, DFR, ANS Positive [80]
Osmanthus fragrans Of WRKY3 OfCCD4 Positive [81]

OfMYB1, OfMYB2 F3H, F3’H, DFR, ANS Negative (80]
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Table 3: Cont.

Species Transcript Factors Regulated Key Enzymes Effect References
Jasminum sambac JsMYB1 JsPAL1, JsDFR1, JsSUFGT Positive [82]
/7
LaMYB73, LaMYB14 NbF3’H, NbDFR, LaCHS, Positive [83]
LaCHI
Lavandula angustifolia NBF3'FL. NbDFR. LaCEHS
3'H, , La , .
LaMYB44 LaCHI Negative [83]
Prunus serrulata PsMYB77, PsMYB17, PsMYB105 PsDFR, PsUFGT Positive [84]

RcCHS, RcCHI, RcF3H,
RcF3’H, RcDFR, RcANS, Positive [85]
RcUFGT, ReGT1

ReMYB1-ReBHLH42-RcTTGI,
ReMYB1-RcEGL1-RcTTG1

Rosa spp.
RrMYB5-EGL3, RrMYB10-EGL3 RrDFR, RrANR, RrLAR Positive [86]
RrMYB108, RrC1, RrMYB114 RrAOMT Positive [87]
VwMYB27 VwF3H Positive [88]
Viola wittrockiana ’
VwMYB113b, VwTT8b VWCHS, VWESTH, VWDIR, Positive [89]
VWwWANS
Emerging
Main patterns MYB positive (75%) Synergistic bHLH (15%) WRKY Critical synthesis
(10%)

In edible flowers, MYB transcription factors represent the dominant regulatory group (approximately
75%) governing ACN biosynthesis across most studied species, which primarily govern ACN biosynthesis
by directly binding to the promoter regions of key structural genes (e.g., CHS, DFR, ANS, UFGT) and
activating downstream regulatory networks [62]. As a highly conserved regulatory mechanism across
species, MYB proteins often function either independently or cooperatively with bHLH partners to trigger
ACN accumulation. For example, as a typical conserved regulator, CmMYB6 in Chrysanthemum morifolium
activates the CmDFR promoter, and its activity is markedly strengthened by synergistic interaction with
MrbHLH]1, representing a widespread MYB-bHLH cooperative mode [64].

Despite the predominant positive regulatory roles of MYB proteins, certain MYB transcription factors
exhibit opposite functions and act as repressors in the ACN biosynthetic pathway. However, some MYB
transcription factors function as negative regulators of ACN biosynthesis. For example, heterologous
expression of CmMYB4 and CmMYB5 significantly reduces ACN content [69]. Additionally, CmMYB12
suppresses flavonoid biosynthesis by directly regulating CmFNS, while concurrently reducing ACN
accumulation through the inhibition of CmCHS, CmDFR, CmANS, and CmUFGT expression [67]. Notably,
high expression of OfMYB1 and OfMYB2 from Osmanthus fragrans effectively blocks the ACN biosynthesis
pathway [80].

The bHLH transcription factors can act as either transcriptional activators or repressors, directly
modulating structural gene expression to regulate ACN biosynthesis [63]. LvbHLH13 positively regulates
LvMYB5 expression independently of complex formation, subsequently activating downstream structural
genes such as LvF3’H, LvDFR, and Lv3GT through a cascade mechanism to promote ACN synthesis in
Lilium Viviana [72]. VwMYB113b and VWTT8b from Viola wittrockiana bind to and activate the promoters
of VwCHS and VwF3’H, respectively, indirectly enhancing ACN production [89]. Synergistic interactions
between bHLH and MYB factors are well-documented. CmbHLH?Z interacts with CmMYBS6, directly binds the
CmDFR promoter, and synergistically upregulates its transcriptional activity to promote ACN synthesis [65].
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Similarly, the DcbHLH1-DcMYB1 complexes enhance transcriptional activation synergistically, regulating
ACN biosynthesis and petal coloration [70].

Studies on WD40 proteins independently regulating ACN biosynthesis in edible flowers remain limited.
Typically, WD40 repeat proteins function as auxiliary components within the MBW (MYB-bHLH-WD40)
complex to co-regulate ACN synthesis [90]. For example, in Rosa spp., two distinct MBW complexes
positively regulate ACN synthesis in a functionally redundant manner [85], LhWRKY44 promotes ACN
accumulation via the MBW pathway in Asiatic hybrid lily [76].

Recent research continues to identify novel transcription factors involved in ACN regulation.
DcWRKY15 positively regulates ACN biosynthesis by directly binding to and enhancing the expression of
DcCHS and DcF3H [71]. LvWRKY75 and LvbZIP44 directly bind promoters of key ACN structural genes,
activating downstream expression to modulate the biosynthetic pathway [77,78]. These findings underscore
the expanding complexity of the transcriptional regulatory network governing ACN biosynthesis and
highlight the need for further mechanistic exploration.

Beyond the conventional transcriptional regulatory network clarified above, advances in modern
biotechnology and insights into metabolic pathway crosstalk have further deepened the practical application
of ACN biosynthesis regulation. Targeted modification of core structural genes italicized as CHS, F3H
and DFR as well as upstream transcription factors through CRISPR/Cas9 gene editing [91], heterologous
overexpression [92] and multi-transgene stacking [93] has become a well-established strategy to enhance
ACN accumulation. Meanwhile, the ACN biosynthetic pathway exhibits intensive substrate competition and
crosstalk with parallel flavonoid branches [92], including flavonol, proanthocyanidin [94] and lignin [95]
metabolic pathways; fine tuning of the MBW complex and WRKY/bZIP regulatory modules can redirect
metabolic flux toward ACN synthesis by inhibiting competing branch pathways [94]. Furthermore,
integrated multi-omics is widely adopted to excavate novel regulatory nodes, break the metabolic bottleneck
of key rate-limiting enzymes, and realize precise directional regulation of ACN enrichment, which greatly
promotes the industrial utilization and germplasm improvement of ACN-rich edible flowers [96].

3 Factors Affecting the Stability of Anthocyanins from Ornamental Flowers

The stability of ACNs from ornamental flowers is a critical factor for their application in foods,
cosmetics, nutraceuticals, and cut flower longevity. Owing to the electron-deficient flavylium cation, ACNs
are highly reactive and prone to chemical reactions that alter their molecular structure, resulting in color
fading or discoloration. Factors affecting ACN stability include chemical structure, pH, temperature, water
activity, enzyme, light exposure, oxygen, copigmentation, microencapsulation, and other environmental
and processing conditions [97,98].

3.1 Chemical Structure

The six anthocyanidins (Fig. 1) differ in their molecular structures, particularly in the number and
position of hydroxyl and methoxy groups, which significantly influence their stability. Delphinidin
contains three hydroxyl groups, making it more polar and less stable at high pH than other anthocyanidins.
Methoxylated anthocyanidins (e.g., malvidin and peonidin) are generally more stable than hydroxylated
ones (e.g., delphinidin). Methylation of hydroxyl groups increases hydrophobicity and molecular stability.

Glycosylation of anthocyanidins generally enhances both stability and water solubility, with di- and
tri-glycosides being more stable than mono-glycosides [99,100]. Acylation is a key stabilizing factor for
ACNs and is especially common in ornamental flowers such as Clitoria ternatea and Ipomoea tricolor [13,101].
When organic acids (e.g., caffeic, p-coumaric, and malonic acids) are esterified to the sugar moieties, they
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promote intramolecular copigmentation, thereby shielding the chromophore from water and nucleophilic
attack [12]. Hence, blue polyacylated ACNs (ternatins) found in butterfly pea flowers exhibited markedly
high stability against light, heat, and pH variations [98]. The stability of ACNs among the five materials
followed the order: butterfly pea flower > purple sweet potato > red cabbage > grape skin > eggplant
peel [102]. After ACNs from mulberry were acylated with succinic acid using pyridine as a catalyst, their
thermal stability, light stability, and antioxidant activity were all enhanced [103]. Purified ACNs were
acylated with lipase using lauric acid or dihydroferulic acid, achieving acylation yields of 19.8% and 8.5%,
respectively [104].

3.2 Temperature

ACNSs are thermally sensitive compounds. Elevated temperature and prolonged exposure accelerate
the hydrolysis of glycosidic bonds and acyl groups, as well as the cleavage of the anthocyanidin
nucleus [98,105,106]. Heat treatments, such as pasteurization, sterilization, baking, cooking, and extended
storage at high temperatures, significantly reduce ACN content [107-110].

The thermal degradation kinetics of ACNs is commonly described using a first-order reaction model,
as expressed in Eq. (1):

Ct _
ln<C0> = —kxt 1)

where C is the initial ACN concentration, C; is the remaining ACN concentration after heating for t hours
at a given temperature and pH, k is the first-order degradation rate constant.

Thermal degradation kinetics showed that the k value of roselle calyx ACN extracts increased
progressively with temperature elevation from 70 to 90°C at all tested pH values (1-7); for instance,
at pH 4, it rose from 0.114 h™! at 70°C to 0.336 h™! at 90°C [111]. When the heating temperature was
increased from 60°C to 90°C at 3.6 of pH, the k value of cherry blossom ACNs (from 0.041 to 0.182 h™!)
increased by 4.43-fold [112]. In contrast, butterfly pea flower showed the smallest increase in k value (from
0.0195 to 0.054 h™1), at only 2.77-fold under the same heating conditions [4]. The k value (h™!) of ACNs in
rose juice model increased with storage temperature, rising from 0.354 at 4°C to 1.962, 3.828, and 7.938 at
25, 37, and 55°C, respectively, indicating accelerated degradation at higher temperatures [110]. Therefore,
high-temperature short-time processing and cool storage are essential for minimizing thermal degradation
and preserving color and functionality in food applications.

3.3 pH Value

The color and stability of anthocyanins from ornamental flowers are strongly affected by pH value.
Under highly acidic conditions (pH < 3), the red flavylium cation predominates and exhibits the greatest
stability. As pH increases, ACNs undergo structural transformations, including proton transfer, hydration,
tautomerization, and cis—trans isomerization. These reactions lead to the formation of quinoidal base,
carbinol pseudobase, and chalcone structures, resulting in color fading and degradation [101]. In Fig. 3,
ACNs from butterfly pea, cherry blossom, and peony exhibit red, purple, orange, blue, and brown colors at
different pH values (1-12). As the pH increased from 2.5 to 5.5 at a heating temperature of 60°C, the half-life
(calculated by In(2)/k) of ACNs from butterfly pea flower and cherry blossom significantly decreased from
52.94 to 27.51 h and from 26.06 to 8.05 h, respectively [4,112]. Similarly, at 90°C, pH markedly affected the
half-life of cherry blossom ACNSs, which decreased from 5.95 to 2.08 h. In contrast, the half-life of butterfly
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pea ACNs at high temperature (90°C) ranged from 13.87 to 15.07 h and was not significantly influenced by
the change of pH values.

1 2 3 4 5 6 7 8 9 10 11 12

T e - =y = e — .
;
(c)
= — | — g = o S <~

Figure 3: Color changes of ACN extracts from butterfly pea (a), lotus (b), cherry blossom (c), and peony (d) at various
pH levels ranging from 1 to 12 [102,112,113].

The vacuolar pH in plant cells is tightly regulated and determines the predominant ACN form. Similar
pH-dependent behavior is observed in food systems, where ACNs show enhanced stability and red coloration
in acidic products such as yoghurts, jams, and acid juices, but reduced stability and bluish or colorless tones
in neutral or weakly alkaline products such as dairy beverages and bakery products [108,114]. The pH
control in extraction, formulation, and food processing plays a critical role in preserving the color and
stability of ACNs. Hence, acidification or buffering is commonly employed in food systems to maintain
desirable anthocyanin stability, functionality, and visual quality.

3.4 Water Activity

Water activity strongly influences ACN stability by affecting molecular mobility and reaction kinetics.
In general, ACN degradation increases with rising Aw due to enhanced hydration, oxidation, and hydrolytic
reactions. The stability of different forms of purified pelargonidin-based ACNs was investigated during
storage at pH 3.4, 25°C, and under dark conditions for 242 days to evaluate the effect of water activity
(0.44-1.00) on ACN stability. The results showed that, in general, the degradation rate of ACNs decreased
with decreasing water activity, with half-life values ranging from 56 to 934 days [106]. However, when
the water activity of blackberry juice was adjusted to 0.34, 0.76, and 0.95 using quartz sand and heated at
100-140°C, lower water activity was found to be unfavorable for ACN stability [115].
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3.5 Enzyme

Enzymes such as [3-glycosidase, peroxidase, and polyphenol oxidase decrease the stability of ACNs.
[3-Glycosidase cleaves the glycosidic bonds, releasing unstable, poorly soluble anthocyanidins. ACNs are
oxidized by polyphenol oxidase and peroxidase into colorless compounds [97]. For example, the vivid purple
flowers of Brunfelsia calycina turn white due to the action of endogenous [3-glucosidase and peroxidase
within the vacuole [116]. Red rose petals contain high levels of tannins, especially epicatechin gallate and
gallocatechin gallate, which can inhibit endogenous peroxidase. This enzymatic inhibition helps preserve
ACN stability and color in vivo [117].

Cellular structures of plant materials are disrupted during food processing operations such as cutting,
mixing, drying, and maceration. This releases enzymes that come into contact with ACNs and catalyze
oxidation reactions. Therefore, enzyme inactivation via blanching or other techniques (e.g., pH adjustment,
oxygen reduction) can improve the pigment retention [118,119].

3.6 Light and Oxygen

Light, particularly UV and visible light, induces photo-oxidation and structural degradation of ACNs.
Ornamental flower pigments are especially susceptible during storage in transparent packaging. Protection
from light (opaque containers, UV-blocking films) markedly improves stability [120]. Compared with dark
conditions, ACNs from Hibiscus rosa-sinensis flowers exhibited a shorter half-life (2.79 days) and a higher
degradation rate constant (0.25 day ') under light exposure [109]. The ACN content in aqueous rose extract
rapidly decreased over 6 days of light exposure, reaching 50% at 2.5 days and 19.68% by day 6 [110].

The unsaturated structure of ACNs makes them vulnerable to oxidative degradation, both through
direct reaction with oxygen and via oxidizing enzymes. Their stability is significantly enhanced by storage
under vacuum or nitrogen [97]. The rose extract containing 0.5% hydrogen peroxide was incubated at
25°C for 50 min, and the total anthocyanin content (TAC) was found to gradually decrease with increasing
time [110].

3.7 Sulfite and Ascorbic Acid

Sulfite or sulfur dioxide is widely used in foods as preservatives, reductants, and anti-browning agents,
particularly in fruit products, wines, and beverages. It inhibits microbial growth and enzymatic browning
by reacting with oxygen and carbonyl compounds. However, sulfites strongly affect ACNs by forming
colorless C-2 or C-4 sulfonate adducts, leading to bleaching and loss of red or purple color [121]. This
reaction is reversible under acidic conditions but may cause permanent color degradation during processing
and storage Therefore, the use of sulfites must be carefully controlled in ACN-rich foods to balance color
retention, antioxidant protection, and regulatory safety limits.

Although ascorbic acid is a nutritious antioxidant, its presence often promotes ACN degradation and
color loss during processing and storage, especially at higher temperatures and neutral pH in the presence
of oxygen [99,122]. It can react directly with ACNs or generate reactive oxygen species, leading to cleavage
of the flavylium ring and bleaching of red—purple pigments [97]. Therefore, the addition of ascorbic acid
must be carefully controlled in ACN-rich foods to maintain color stability.

3.8 Co-Pigmentation

Co-pigmentation is a molecular association phenomenon in which colorless or pale-yellow organic
compounds (co-pigments) interact non-covalently with ACN pigments, primarily in their colored flavylium
cation form. This interaction, driven mainly by hydrophobic -7t stacking and/or hydrogen bonding,
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stabilizes the ACN molecule against nucleophilic attack by water [123]. As a result, a bathochromic shift
(red-to-blue shift in the absorption maximum), increased color intensity, and improved stability against
degradation caused by pH, heat, and light are observed [97].

Co-pigmentation of ACNs is generally classified into four types based on the interacting components:
self-association, metal complexation, intramolecular co-pigmentation, and intermolecular co-pigmentation.

(1) Self-association refers to stacking interactions between two or more ACN molecules without the
involvement of other co-pigments. This phenomenon can be observed in concentrated ACN solutions,
where it leads to enhanced color intensity at high concentrations [124].

(2) Metal complexation describes the interaction between ACNs and metal ions (e.g., Al**, Fe**, and
Mg?*), often resulting in the development of intense blue coloration. Among ACNs only those derived
from cyanidin, delphinidin, and petunidin are capable of metal chelation, due to the presence of free
hydroxyl groups in the B ring. The vivid blue color of cornflower (Centaurea cyanus) petals arises from
a supramolecular metalloanthocyanin consisting of an ACN (succinylcyanin), flavone co-pigments,
and Fe**/Mg?* ions [125]. Purified ACNs from iris flowers were complexed with Al** and Cu®* at pH
5-6, resulting in the formation of blue and green ACN-metal chelates [126].

(3) Intramolecular co-pigmentation occurs through stacking interactions between the hydrophobic acyl
moiety covalently bound to the sugar and the flavylium nucleus, thereby reducing ACN hydrolysis.
For example, Dangles et al. demonstrated an interaction in ACNs from Ipomoea nil between the
pelargonidin chromophore and the caffeoyl groups, with the glycosyl unit acting as a spacer [127]. An
intramolecular interaction between the cyanidin chromophore and coumaric acid (a co-pigment) has
also been reported [119].

(4) Intermolecular co-pigmentation refers to the association between anthocyanins and distinct co-pigment
molecules, such as organic acids, phenolic acids, flavones, proteins, and polysaccharides [123,128].
This represents the most prevalent and extensively investigated form of co-pigmentation, as it plays a
crucial role in enhancing color intensity and improving the stability of non-covalent ACN complexes
within food matrices.

Three organic acids (tartaric, malic, and citric acids) showed chromatic effects on ACNs from Hibiscus
syriacus flowers and enhanced their thermal stability. After heating at 90°C for 4 h, ACN retention increased
by 23.05%, 13.67%, and 13.32%, respectively, compared with the control. Molecular docking and related
analyses confirmed that organic acids form stable complexes with ACNs through hydrogen bonding
and hydrophobic interactions [129]. Pectin—cyanindin-3-glucoside (C3G) complexes exhibited greater
stability against heat, light, and intestinal digestion than C3G alone. Moreover, complexes treated with high
hydrostatic pressure showed superior stability compared with those without high hydrostatic pressure [130].

Highly purified Hibiscus sabdariffa ACNs were interacted with three animal proteins (whey protein,
casein, and ovalbumin). Experimental results showed changes in protein secondary structures, such as
o-helix, [3-sheet, and 3-turn, and elucidated the docking active sites between proteins and ACNs. Interaction
with these proteins improved the stability of ACNs during simulated digestion, with whey protein showing
the strongest protective effect [131]. Casein protected lotus ACNs from degradation and improved their
stability against light, heat (80°C for 2 h), and oxidation (H,O, treatment). During simulated digestion, ACN
retention and DPPH and ABTS scavenging activities increased in the presence of 0.1-0.2 mg/mL casein.
Furthermore, casein enhanced the bioavailability of lotus ACNs in a zebrafish model [113].
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3.9 Micro-/Nanoencapsulation

As mentioned above, ACNs exhibit health-promoting effects; however, their practical application
in foods and nutraceuticals is limited by poor stability, resulting in color loss, degradation, and
reduced bioactivity during processing and storage. Furthermore, due to low absorption and rapid
metabolism in the human body, ACNs generally show low bioavailability. To overcome these limitations,
micro-/nanooencapsulation has emerged as an effective strategy for the development of ACN delivery
systems [97].

Micro-/nanoencapsulation is a technique in which active compounds are entrapped, coated, or
embedded within a protective matrix or shell at the micrometer scale (1-1000 wm) or nanometer scale
(<100-200 nm). It effectively enhances ACN stability against heat, light, oxygen, and pH variations,
while improving bioaccessibility and enabling controlled release. Various micro-/nanoencapsulation
techniques, including spray drying, freeze drying, ionic gelation, and liposomes, have been widely used [132].
Based on a meta-analysis of 45 studies, spray drying was the most commonly used method for ACN
encapsulation (33.33%), followed by freeze drying (27.08%), gelation (20.83%), and lipid-based particles
(14.58%). Carbohydrates were the dominant wall materials, with maltodextrin (19.56%) and gums (15.22%)
being the most frequently used biopolymers [133]. Encapsulated ACNs from various berries retained
67-80% after 3—-6 months of storage at 25°C in darkness when water activity was <0.33 [134].

3.9.1 Spray Drying

Spray drying is widely employed for the microencapsulation of ACNs because of its rapid processing,
cost-effectiveness, simple operation, industrial scalability, high encapsulation efficiency, and favorable
storage stability. Nevertheless, the exposure of atomized droplets to high inlet air temperatures (150-220°C)
during drying may result in some degree of thermal damage to heat-sensitive anthocyanins [97].

Carrier selection is a critical factor influencing the encapsulation efficiency, stability, and release
behavior of ACN microcapsules. An ideal carrier should possess good film-forming ability, high solubility,
low hygroscopicity, and compatibility with ACNs, while providing effective protection against heat, light,
oxygen, and pH variations. Proteins and polysaccharides, as stated in Section 3.8, can enhance ACN
stability through intermolecular co-pigmentation. Carbohydrates such as maltodextrin are widely used
due to their low cost and good drying performance, although their limited emulsifying capacity often
requires combination with other materials. Gum Arabic and modified starches offer superior emulsifying
and protective properties but are more expensive. Composite carrier systems are frequently employed to
balance protection efficiency, processability, and cost [133].

Spray drying of aqueous Hibiscus rosa-sinensis petal extract with maltodextrin was optimal at 180°C and
15° Brix, yielding the highest powder recovery (17.85%), TAC (64.81 mg C3G/L), and water solubility (99.58%).
The powder showed high color stability in acidic foods, which achieved the best sensory scores [135].
Using a 3.2% (w/v) starch-alginate carrier blend and an inlet temperature of 170.7°C, spray drying of
Hibiscus sabdariffa L. achieved maximum solids recovery (60.8%) and ACN retention (96.0%) [136]. Spray
drying of Hibiscus sabdariffa L. using maltodextrin and gum Arabic at 144°C and 7 mL/min produced ACN
powder with 100.22 mg/g content and 93.87% encapsulation efficiency. The powder had low moisture, high
solubility, acceptable density, poor flowability, and good compressibility. Scanning electron microscopy
revealed small spherical (2-10 wm), wrinkled, irregular particles with rough surfaces [137]. Under optimal
spray-drying conditions (134°C and a 1:3 maltodextrin-to-core ratio), tulip petal ACNs formed uniform,
crack-free microcapsules, retaining 92.94%, 52.14%, 42.78%, and 14.13% of ACNs in apple juice after 6 weeks
of storage at 4, 20, 30, and 40°C, respectively [138].
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3.9.2 Freeze Drying

Freeze drying is widely applied in the microencapsulation of ACNSs, as the low-temperature and vacuum
conditions effectively prevent thermal and oxidative degradations, thereby preserving ACN structure, color,
and antioxidant activity while improving storage stability and bioaccessibility. However, this technique has
notable drawbacks, including high equipment and energy costs and long processing times [132].

Microencapsulation of saffron petal ACNs with alginate and maltodextrin by freeze-drying enhanced
their storage stability (half-life) and in vitro gastric bioavailability, with particle sizes of 188-304 um [139].
Freeze-dried saffron petal extracts were encapsulated with gum Arabic and maltodextrin (M7 and M20),
showing no significant differences in ACN stabilization (p < 0.01) and maintaining stable ACN content after
10 weeks of storage [140]. Similarly, freeze-dried saffron petal extracts encapsulated with cress seed gum,
gum Arabic, and maltodextrin (M7 and M20) showed no significant differences in TAC immediately after
production or after 10 weeks of storage at 35°C [141].

Rose ACNs microencapsulated by freeze drying using gum Arabic and maltodextrin as wall materials
showed uniform laminated structures, high retention of ACNs (95.12%) and phenolics (91.44%), and longer
thermal half-lives at 70-90°C, indicating that freeze drying is more suitable than spray drying [142].
Compared with free ACNs, encapsulation of rose ACNs with (3-cyclodextrin significantly increased retention
by 9.24%, 9.21%, and 2.57% under heating at 70-90°C, light exposure, and strong oxidant (H,O;) conditions,
respectively [110]. Aqueous okra flower extracts were encapsulated with maltodextrin using freeze-drying,
microwave-drying, and spray-drying, all achieving > 99% encapsulation efficiency, with freeze-drying
providing the highest ACN bioaccessibility (Cyanin, C3G, Cyanidin-3-rutinoside) [143].

3.9.3 Ionic Gelation

Ionic gelation is a microencapsulation technique based on electrostatic interactions between charged
polymers and multivalent counter-ions, leading to the formation of a three-dimensional gel network that
entraps bioactive compounds. It can be achieved using dripping—extrusion or atomization techniques. ACN
extracts are first dispersed in a polymer solution (e.g., alginate, pectin or chitosan) under acidic conditions,
followed by the addition of crosslinking ions such as Ca* or triphosphate, resulting in rapid gel formation
and the production of microcapsules or nanoparticles [144,145].

This mild, low-cost, and eco-friendly process preserves anthocyanin structure and bioactivity
while enhancing stability against pH variations, light, and oxidation. Ionic gelation also provides
high encapsulation efficiency, operational simplicity, and food-grade compatibility [132]. Roselle ACN
was microencapsulated by ionic gelation via dripping—extrusion and atomization, using a double
emulsion (ACN/edible oil/pectin) followed by calcium chloride cross-linking. The resulting microparticles
(78-1100 um) had encapsulation efficiencies of 67.9-93.9% and showed markedly improved thermal and
storage stability, as well as enhanced color retention [146]. Moreover, ionic gelation treatment significantly
improved the gastrointestinal stability and enteric protection of roselle ACNs. Incorporation into pectin
jelly candy was successful, achieving up to 73% retention of bioactive compounds, demonstrating strong
potential for functional confectionery applications [147]. Encapsulation of black carrot ACNs using 1%
pectin and 1% alginate markedly enhanced their stability and antioxidant capacity during cold storage for
four weeks. ACN retention reached 91.7% in biopolymer beads and remained up to 62% in fortified yoghurt,
with substantial preservation of antioxidant activity. These results demonstrate the effectiveness of ionic
gelation in protecting black carrot ACNs in acidic food systems and their suitability as natural colorants in
dairy applications [144].
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Ionic gelation—based capsules commonly exhibit low mechanical strength and sensitivity to pH and
ionic conditions, resulting in limited stability; however, these limitations can be alleviated through polymer
complexation. In particular, coating alginate beads with cationic polymers such as chitosan markedly
improved gel strength, surface charge, and ACN retention, enabling pH-responsive release and enhanced
pigment protection, while gelatin coating effectively formed a protective protein layer that modified moisture
content and structural integrity, thereby improving the functional performance of ionic gelation—derived
ACN carriers in food systems [148,149].

3.9.4 Liposome

A liposome is a spherical vesicle, ranging in size from a few nanometers to several micrometers,
composed of one or more phospholipid bilayers enclosing an aqueous core [132]. Liposomes are
commonly used as delivery systems for bioactive compounds in food, pharmaceutical, and cosmetic
applications [97,150]. Preparation methods typically include thin-film hydration, ethanol injection, and
supercritical carbon dioxide techniques to control particle size and stability [151,152].

For ACN encapsulation, liposomes offer several advantages: they protect ACNs from environmental
stressors such as light, oxygen, heat, and pH changes; improve dispersibility in aqueous systems; and can
enhance bioaccessibility and controlled release during digestion [153]. Compared with free ACNs from
roselle, liposome-encapsulated ACNs exhibited markedly enhanced antioxidant activity and a stronger
inhibitory effect on melanogenesis [154]. Black carrot ACNs were encapsulated in < 50 nm liposomes, and
increasing lecithin (1-4% w/w) enhanced encapsulation efficiency and stability, particularly of acylated
forms, protecting them from ascorbic acid degradation over 24 h [122].

Liposomes have limitations, including limited physical stability (e.g., aggregation or leakage) and
susceptibility to lipid oxidation; coating or gelling them with polysaccharides or proteins is an effective
strategy to enhance their stability. Natural polysaccharides self-assemble with ACN-loaded liposomes
via electrostatic interactions and hydrogen bonding to form nanoparticles, with gum Arabic coating
offering the greatest stability and effectively enhancing ACN integrity, antioxidant activity, and in vitro
bioaccessibility [155]. Layer-by-layer modification of ACN nanoliposomes with pea protein isolate
significantly improved encapsulation efficiency, structural stability, and resistance to thermal, light, and
digestive stresses, providing enhanced protection [156]. Liposome—-casein hydrogels protect ACNs from
acid-induced degradation, preserve their structure, and enhance stability, antioxidant activity, digestive
performance, and bioavailability, offering a promising strategy for functional anthocyanin delivery in food
and nutraceuticals [157]. The structure of ACNs encapsulated in liposomes and their further processing
with polysaccharides or proteins is illustrated in Fig. 4.

Based on the above discussion, strategies to enhance the stability of ACNs from ornamental flowers
include selecting acylated ACNs, applying heat treatment or blanching at relatively low temperatures and
acidic pH, and storing products under low temperature, low water activity, and low-oxygen conditions
in the absence of light. In addition, interactions with proteins, carbohydrates, and organic acids through
co-pigmentation, as well as encapsulation techniques, can be employed to effectively protect ACNEs.
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Figure 4: Schematic diagram of ACN-loaded liposomes; Left: standard liposome with ACNs encapsulated in the core;
Right: ACN-loaded liposome coated or gelled with polysaccharides or proteins.

4 Extraction Method

The efficiency, safety, and cost of ACN extraction are crucial for their application in the
food, pharmaceutical, and cosmetic industries. Different extraction methods vary in their efficiency,
environmental impact, and influence on ACN stability. Therefore, selecting an appropriate extraction
technique requires a comprehensive understanding of their advantages, disadvantages, and influencing
factors. Fig. 5 illustrates the pretreatment, extraction, and post-extraction processes of ACNs from
edible flowers.

Prior to ACN extraction, drying is usually carried out to prevent deterioration resulting from microbial
activity and biochemical reactions, as well as to reduce the transportation cost of raw materials. There
are many methods of food drying, such as hot-air drying, infrared drying, drum drying, spray drying,
vacuum drying, and vacuum freeze-drying. The temperature and duration of drying, as well as the
presence of oxygen, relate to the stability of ACNs and other bioactive compounds in the flowers during
the process. Cherry petals dried by vacuum freeze-drying showed superior appearance, greater contents of
total anthocyanins, polyphenolics (TPC), and flavonoids (TFC), and higher antioxidant activities than those
obtained using the other six drying methods [158]. Sun drying and hot-air drying of fresh roselle calyces
resulted in decreased brightness and redness of the aqueous extracts. Compared with the fresh calyces,
hot-air drying at 70°C for 4 h resulted in ACN losses of 8.6-12.4%, whereas sun drying (6 days) caused
much higher ACN losses, ranging from 39.8% to 45.5% [159]. Heat-pump drying is a new energy-efficient
drying technique that operates at relatively low temperatures. When lavender flowers are dried using this
energy-saving heat-pump method (24 h at 22°C), they show significantly higher TAC and TPC, as well as
greater antioxidant activities, compared with those dried for 24 h at 50°C by the hot-air drying method [29].
Furthermore, grinding is commonly employed to reduce particle size of samples.



Phyton-Int J Exp Bot. 2026;95(6):5 17

—-‘ Drying ‘—v‘ Grinding & sieving }_. Flower powders

Advanced extraction methods
. Ultrasound-assisted extraction (UAE)
. Microwave-assisted extraction (MAE)
. Pulsed electric field (PEF)-assisted extraction

Conventional solvent extraction (CSE)
1. Organic solvent extraction
2. Aqueous extraction

. Enzyme-assisted extraction (EAE)

. Natural deep eutectic solvent (NADES)-
based extraction

. Supercritical fluid extraction (SFE)

. Cold plasma-assisted extraction (CPAE)

v —

| Filtration or centrifugation \

|

| Liquid extracts \

!

Isolation and identification Encapsulation

Figure 5: Schematic diagram of the pretreatment, extraction, and post-extraction processes for ACNs from

edible flowers.

In this section, two categories are to be discussed in detail: conventional solvent extraction (CSE)
methods and advanced extraction methods as illustrated in Fig. 5. Different varieties of edible flowers
possess unique tissue characteristics and anthocyanin structures; therefore, the most suitable or optimal
extraction methods vary among them. Tables 4-8 list the adequate or optimal extraction conditions for
ACNs from the flowers of butterfly pea, roselle, rose, lavender, and other ornamental plants, respectively.
The TAC values in these tables are preferably presented in the form of g C3G/kg DB. However, TAC values
can be expressed in different forms, such as g C3G/kg WB, g C3G/L, g/kg extract, etc., depending on the
different analytical methods used and when certain conversion factors are unknown. Under the extraction
conditions for ACNs, these tables also present the TPC, TFC, and antioxidant activities of edible flowers. It
should be noted that various bioactive substances may have distinct optimal extraction conditions compared
to ACNs due to differences in their structures, polarities, and other properties. Among the 11 different types
of edible flowers in Tables 4-8, the top four for total ACNs (g C3G/kg DB) are rose (33.3), saffron (10.2),
roselle (10.0), and butterfly pea flower (3.5), making them good sources of red to blue ACNSs for exploring
industrial scale-up. Similarly, among more than 50 varieties and cultivars of edible flowers from Yunnan
Province, Rosa rugosa Thunb (Mohong) ranked highest in TAC (Table 8) [2].
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Table 4: Extraction methods for ACNs and antioxidant activities in butterfly pea flowers.
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15 min, 70% ethanol, 40 mL/g of LSR

50-350 mg/kg

. -, Antioxidant Activity

Extraction Conditions TAC TPC (DPPH Scavenge) References
Optimal conditions for flower and
powder forms: 90 min and 30 min i B B
using 90°C of water at 60 rpm and 1.09-1.14 g C3G/kg DB 28.1-28.6 g GAE/kg DB 21.1-26.7 g TE/kg DB [160]
50 mL/g of LSR
Optimal conditions: 37.2% ethanol, 25.23% of DPPH
45°C, 5075 min, 50 mL/g of LsR ¢ 8 C3CG/kg DB 159.2  GAE/kg DB inhibition (161]
Optimal conditions by UAE:
40°Cwater for 45 min, 10 mL/g of ~ 1.77 g C3G/kg DB 7.35 g GAE/kg DB 63.8% of DPPH inhibition [162]
LSR at 160 W
CSE: Stir, 45°C, 45 min, 20 mL
water/g petal powder 7.92 g C3G/L 0.095 g GAE/kg Antioxidant activity: [163]
MAE: 45-50°C, 2 min, 20 mL 6.14 g C3G/L 0.298 g GAE/kg CSE > MAE >
water/g petal powder
(1) No enzyme: 50°C for 30 minat ~ 2.17 g C3G/kg DB
6 mL water/g of ‘LSR, then 50% 2.64 g C3G/kg DB 373 g GAE/kg 867 wmol TE/g
ethanol for 30 min 3.16 g C3G/kg DB

. e . L3 44.7 g GAE/kg 108.1 pmol TE/g [164]
Optimal conditions in EAE: major: cyanidin-3-(p-coumaroyl) 447 @ GAE/K 120.4 wmol TE/
(2) Cellulase & pectinase: 1% glucose and e & % pmo &
(3) Viscozyme: 1% cyanidin-3-(p-coumaroyl)-rutinoside
E;; ﬁﬁgsﬁi ;:7\;::5 S e 1.84 g C3G/kg DB 44.9 g GAE/kg 87.1 pumol TE/g (165]
Viscozyme, pH 3.5, 52°C, 20 min 3.47 g C3G/kg DB. 68.6 g GAE/kg 122 pmol TE/g
UAE: 80°C, 50 min, 14.3 mL/g
of LSR
(1) Water 211.63 mg D3G/L 93 pmol TE/mL
(2) NADES: choline 374.65 mg D3G/L No data 156 pumol TE/mL [166]
chloride/glycerol (1/2) with
30% water

Note: D3G: delphinidin-3-glucoside; GAE: gallic acid equivalent; TE: trolox equivalent; LSR: liquid-to-solid ratio.
Table 5: Extraction methods for ACNs and antioxidant activities in roselle flowers.
. fes Antioxidant Activity
Extraction Conditions TAC TPC (DPPH Scavenge) References

. P 35.78 g TE/kg DB;
Optimal extraction: 60°C of hot water o, o 3616 DB 23.58 g FAE/kg DB 41.93 g TE/kg DB of [4]
for 30 min :

reducing power
Infusion by boiling water 12.30 g/kg extract DB; Total phenolic acids: Inhibit of lipid
80% ethanol, 25°C, I h, 150 rpm 12.96 g/kg extract DB 5:01 g/kg extract DB peroxidation [43]
’ T ' 5.60 g/kg extract DB
3.2-9.5 g C3G/kg;
Boiling for 15 min Major: D3S & 26-39 g GAE/kg No data [159]
cyanidin-3-sambubioside
(Zlo)n(iIS‘]/E i(;?‘;tgham)l’ 72 h at 32°C, 52.89% of DPPH
2)Op fmal o itions of UAE 0.90 g C3G/kg: DB 65.3 g GAE/kg DB inhibition (45]
40-60 min at 32°C, 20 mL/g of LSR, 1.85 g C3G/kg; DB 13.0 g GAE/kg DB 74}'15‘18)’.7:;A0fDPPH
80% ethanol, 40 KHz and 180 W fnitbition
60% ethanol, 24 h at RT 14.46 g/kg 182.9 g GAE/kg 230 mmol TE/kg
UAE, 5 min at 30°C& 20 KHz 13.47 g/kg 163.2 g GAE/kg 145 mmol TE/kg [167]
MAE 10 min, 60% ethanol 16.34 g/kg 177.0 g GAE/kg 188 mmol TE/kg
UAE plus MAE, 15 min 17.36 g/kg 208.3 g GAE/kg 254 mmol TE/kg
o . . D3S: 100-680 mg/kg;

MAE: Optimal conditions 72°C, Cyanidin-3-sambubioside: No data No data [168]
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Table 5: Cont.
. s Antioxidant Activity
Extraction Conditions TAC TPC (DPPH Scavenge) References
. . . 24 g GAE/kg
(1) CSE: water, 100 C 5 min, 100 rpm 3.2 g C3G/kg DB 85 g GAE/kg 340 mmol TE/kg
(2) UAE: 75% acidified ethanol, 10 min, 9.4 g C3G/kg DB
71 g GAE/kg 310 mmol TE/kg
room temperature 9.4 g C3G/kg DB
. 79 g GAE/kg 300 mmol TE/kg [169]
(3) EAE by pectinase 9.8 g C3G/kg DB
84 g GAE/kg 385 mmol TE/kg
(4) EAE by cellulose 100 g C3G/kg DB Major: chlorogenic 100 mmol TE/kg
(5) EAE by mixed enzymes Major: D3S & C3G gallic, & caffeic acids
UAE: 25°C, 20 min
(1) Water 6.44 mg D3S/g 141 mg GAE/g 313 mmol TE/g
(2) 70% ethanol 6.80 mg D3S/g 141 mg GAE/g 354 mmol TE/g [170]
(3) NADES: sodium 10.62 mg D3S/g 233 mg GAE/g 343 mmol TE/g
acetate/formic acid
?}ﬁ)ll?:: :chloride/ citric acid 187 mg/L
. . 96 mg/L No data No data [171]
choline chloride/glycerol 131 me/L
choline chloride/ethylene glycol 8
Note: D3S: delphinidin-3-sambubioside.
Table 6: Extraction methods for ACNs and antioxidant activities in rose flowers.
. " Antioxidant Activity
Extraction Conditions TAC TPC (DPPH Scavenge) References
0.20-12.07 g C3G/kg WB; Major:
25 cultivars cyanidin-caffeoyl-glucoside, 0.2-26 g GAE/kg WB B
Methanol with 0.3% HCI, at 4°C cyanidin-coumaroyl-glucoside, TFC: 0.1-7.1 g QE/kg 304-1403 mmol TE/kg [3]
. L1 . WB
in dark cyanidin-glucoside, WB
pelargonidin-glucoside
13 cultivars - .
95% ethanol with 1.5 NHCL, 15mL/g  0.008-0.250 g/kg WB %z__ﬁtig /(]}(A]iﬁ(g WB g;’tf} Zaznzt 1; deanlt ;Et/l]i”ty' [40]
of LSR, standing at 4°C for 13 h 10208k ’ -2 mmo 8
Methanol with HCI 1'647.1'.80 g/kg.WB; Ma]or: 2272.5 g/kg WB: Major: No data [172]
peonidin 3,5-diglucoside ellagitannins
80% ethanol with 0.1 N HCl
(1) UAE: 40 mL/g of LSR, 30°C, 15 min
(2) Soxhiet extraction: 100 mL/g of (1) 32.0 g C3G/kg
LSR, 25h (2) 30.0 g C3G/kg
(3) Condensing reflux extraction: (3) 33.3 g C3G/kg No data No data (73]
40 mL/g of LSR, 150 min (4) 29.6 g C3G/kg
(4) Maceration extraction: 40 mL/g of
LSR, 25°C, 48 h
Table 7: Extraction methods for ACNs and antioxidant activities in lavender flowers.
Antioxidant Activit
Extraction Conditions TAC TPC nuoxidant ACUVILY p eferences
(DPPH Scavenge)
80% ethanol, 30 min with ICs of reducing power:
.2-0.3 g/k .5-84.6 g/k 174
ultrasound bath 02-03 g/ke 66-5-84.6 g/kg 25-33 pg/mL [174]
Boiling water for 5 min 0.40-0.61 g C3G/kg DB 164-252 g GAE/kg DB 61-127 umol TE/g DB [175]
Methanol with HCI (85:15, V/V), Total phenol acids:
0.099 g/kg DB 176
24h atRT g/ke 5 g/kg DB [176]
NADES (choline chloride:
formic acid) plus UAE (40°C, No data 9.76 g GAE/kg 8.86 g TE/kg [177]
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Table 8: Extraction methods of ACNs and antioxidant activities in some edible ornamental flowers.

Antioxidant
Flowers Extraction Conditions TAC TPC Activity References
(DPPH Scavenge)
(1) Aqueous extraction:
90°C, 30 min at 50 mL/g of
LSR and 100 rpm 0.13 g C3G/kg DB 79.8 g GAE/kg DB 140 g TE/kg DB
Cherry blossoms (2) 60% ethanol with 1% 0.19 g C3G/kg DB 72.6 ¢ GAE/kg DB 121 g TE/kg DB (112]
HCI: 40°C, 30 min, 50
mL/g of LSR and 100 rpm
80% methanol with 1% 0.1-1.6 g/kg WB; major:
Cherry blossoms HCL (V/V),4°Cfor2hand  C3G and cyanidin-3-O- No data No data [84]
6 mL/g of LSR (6-O-malonyl- 3-glucoside)
Optimal conditions: 20
. o mL/g of LSR, pH 4.6 of 85.15% of DPPH
Chinese hibiscus citrate-phosphate buffer, 0.46 g C3G/kg WB 33.74 mg GAE/100 mL inhibition [109]
4hat25°C
70% methanol with 2% 0.24-0.59 g/kg WB; major: 0.74-1.30 g/kg WB of
. . flavones and
formic acid, 10 mL/g of 3-O-glucosides of
Lotus . . > o flavonols; most No data [31]
LSR, stirring at 4°C for malvidin, delphinidin, &
. 1 abundant: kaempferol
36 h in dark petunidin. L
derivatives
Stir at 90°C of water for 7.2-9.4 umol ;
Lotus 1 h; 100 mL/g of LSR No data 12.1-26.6 g GAE/kg TE/kg DB [34]
Optimal conditions: 60°C 0.57 g C3G/kg DB; major:
Okrz; (?be)lmoschus of water for 40.5 min, and cyanidin-3-rutinoside and ~ No data No data [143]
escutentus 42.5 mL/g of LSR C3G
Optimal condition of
Tree peony (Paeonia MAE-DES: 57°C, 12 min,
suffruticosa) 43 g/g of LSR, 2.15 g C3G/kg 321.6 g GAE/kg No data [178]
betaine/1,2-propanediol
EAE plus UAE:
EAE: cellulose, 40°C, pH
European peony 4.8; UAE: 30 min, 150 W, 39.85 g GAE/kg; 81% of DPPH
(Paeonia officinalis) 40 kHz, 50% amplitude, 072 g C3G/kg DB TFC: 23.7 g QE/kg inhibition (179]
70% ethanol, 50 mL/g
of LSR
Optimal condition:
microwave pretreatment . s
Saffron (energy density, ;2'11 iiiﬁf/kg DB; major: 31.33 g GAE/kg 3;}0;:;1:E/g [180]
0.16-0.54 kJ/mL), 3.33 P y
mL/g of LSR at 65°C
CSE: acidic ethanol (50%,
pH 2), 25°C, 8 h, 40 mL/g
of LSR
Optimal conditions of CSE: 136.96 g C3G/kg
Saffron MAE MAE: 105.32 g C3G/ke. No data No data [181]
48°C, 9.3 min, 77.5 mL
acidic ethanol (50%,
pH 2)/g tepal of LSR
Prunus mume had the  Rosa rugosa Thunb.
Rosa rugosa Thunb highest TPC, 244 g (Mohong) exhibited
50 edible flowers UAE: 25 mI:/g of LSR, 70% (I?lanhong) had the GAE/kg. Osmanthus the strongest 2]
ethanol, 60°C for 45 min highest TAC, 177 g fragrans Lour had the ~ DPPH and ABTS
C3G/kg highest TFC, radical scavenging
68 g RE/kg activities

4.1 CSE

CSE, which employed (acidified) methanol, ethanol, and water as solvents, is the most widely used and

fundamental method for obtaining ACNs from edible ornamental flowers. Its advantages are its simplicity,
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low equipment cost, and suitability for laboratory-scale studies. However, the major disadvantages include
long extraction time, high solvent consumption, and potential degradation of ACNs due to exposure to high
temperatures, oxygen, or light. Additionally, organic solvents may pose environmental and health risks.
The extraction yield of ACNs and other bioactive compounds from edible flowers is influenced by factors
such as solvent type, pH, temperature, extraction time, particle size, LSR, and agitation, as discussed below.

4.1.1 Cultivar and Harvesting Time of Flower

The cultivar of edible ornamental plants affects flower color, and flower color is closely related to
pigment composition and anthocyanin content. In general, flower cultivars with redder or darker coloration
tend to contain higher levels of ACNs indicating that they are richer sources of ACNs. Red cultivars of
Nelumbo nucifera and Hibiscus sabdariffa contain higher ACN levels than pink cultivars, whereas yellow,
white, and red/white pied cultivars contain little to no ACNs [31,45]. Among various rose cultivars,
anthocyanin content followed the order: red > light red > pink > white. The TAC of roses increased from
the bud stage to the fully open flower stage and then decreased during senescence [182]. Petals of sacred
lotus harvested at the onset of rainy season exhibited higher TPC and antioxidant activities than those
harvested at other times [34].

4.1.2 Kinds of Solvent and pH

Regarding extraction, it is essential to understand the polarity characteristics of the target compounds
in raw materials. Polar compounds dissolve in polar solvents, whereas nonpolar compounds dissolve in
nonpolar solvents. Different solvents and pH levels significantly impact ACN extraction for ornamental
flowers [43,183]. ACNs in flowers possess certain polarity; therefore, they are traditionally extracted using
methanol, ethanol, acetone, or water as solvents [98]. In addition, aqueous organic solvents are often
acidified with hydrochloric acid to stabilize the flavylium cation structure of anthocyanins and to destroy
cell structure, thereby enhancing anthocyanin yield [176]. Ethanol or water, being less toxic and more
environmentally friendly, is increasingly preferred in food-grade ACN extraction. Organic solvents can
alter the cellular structure of floral tissues at low temperatures, thereby facilitating the extraction of ACNs;
in contrast, when water is used as the solvent, elevated temperatures are required to achieve efficient
extraction [43,84]. The extraction efficiencies and advantages of different solvents for anthocyanins are
shown in Table 9.

Table 9: Comparative analysis of solvent extraction for ACNs from edible flowers.

Solvent Relative Polarity Extraction Efficiency Advantage
Analytical purposes (e.g., HPLC); extracts both
Methanol 76 Highest polar and semi-polar anthocyanins with
high yields.

Industry standard; high penetration into cells;
Ethanol 65 Higher denaturation of cell membrane; Inhibition of
polyphenol oxidase; generally recognized as safe.

Non-toxic, edible, cheapest, ideal for

Water 100 Medium-high food-grade extracts

Excellent for breaking hydrophobic interactions
Acetone 36 Medium between ACNs and cell walls; inactivation of
oxidizing enzymes.
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The extraction efficiency of ACNs from butterfly pea flower powder decreased in the following order:
ethanol > methanol > water > ethyl acetate > acetone > diethyl ether [183]. Although aqueous extraction
(90°C for 30 min) showed superior ACN recovery from intact CT flowers compared with 60% ethanol
extraction (40°C for 30 min), ethanol extraction was more effective for powdered samples, indicating that
sample physical structure strongly influences ACN extractability [160]. Compared with acidified ethanol
extraction (40°C for 30 min), hot water extraction (90°C for 30 min) yielded 68.23% and 71.41% of the TAC
for cherry petals and powders, respectively, while the TPC levels were similar or higher [112].

4.1.3 Extraction Temperature and Time

Both temperature and time of extraction are critical factors influencing the efficiency of ACN extraction.
In general, either high-temperature short-time or low-temperature long-time method is adopted for ACN
extraction from edible ornamental flowers. Appropriate heat treatments for some edible ornamental
flowers can enhance ACN yield by reducing solvent viscosity, increasing diffusion rates, and facilitating the
disruption of cell walls and vacuolar membranes, thereby improving mass transfer from petal tissues to the
solvent. For example, the optimum conditions for anthocyanin extraction from butterfly pea flowers were
37.2% ethanol, 45°C, 50.75 min, and an LSR of 50 mL/g [161]. When extracted with water at 30-90°C for
30 min, the TACs of butterfly pea and cherry blossoms reached their highest levels at 90°C. Furthermore,
prolonged extraction at 90°C (60-120 min) resulted in a pronounced decrease in ACN content, likely
due to the thermal instability and oxidation of anthocyanins [112,160]. However, the optimal extraction
temperature and duration for roselle calyces was 60°C for 30 min [4]. Owing to differences in floral tissue
and cellular structures, as well as solvent properties, optimal extraction conditions must be determined
experimentally, with careful consideration of the balance between mass transfer efficiency and ACN stability.

4.1.4 Particle Size, LSR, and Others

Particle size strongly influences ACN extraction efficiency by affecting mass transfer and solvent
accessibility. Reducing particle size increases the specific surface area and shortens the diffusion path length,
thereby facilitating solvent penetration and the release of ACNs from vacuolar tissues. Hence, moderate
grinding can markedly enhance extraction efficiency. However, excessively fine particles may lead to
particle agglomeration, increased slurry viscosity, and enhanced exposure to oxygen or high temperature,
which can negatively affect ACN stability and recovery. The finest cherry petal powder resulted in the
highest TAC, TPC, and antioxidant activity among all particle sizes (<0.25 mm~14 mm), owing to enhanced
mass and heat transfer [112].

An increased LSR value enhances the concentration gradient and prevents solvent saturation,
thereby promoting ACN diffusion into the solvent. However, excessive solvent volumes increase solvent
consumption and dilute the extract without a proportional improvement in recovery. The common LSR
used ranges from 5:1 to 50:1 (mL/g) [5,109]. For example, Chinese hibiscus was extracted in a citric
acid-phosphate buffer (pH 4.6) at 25°C for 4 h using different LSRs ranging from 10 to 25 mL/g, and the
results showed that an LSR of 20 mL/g was optimal [109].

Appropriate agitation (60-200 rpm) improves solvent—solid contact and reduces boundary layer
resistance, accelerating mass transfer and ACN release, whereas excessive agitation may elevate dissolved
oxygen levels and promote oxidative degradation [184]. Oxygen and light reduce ACN stability through
oxidative reactions and photodegradation. Therefore, minimizing oxygen exposure by nitrogen flushing
or vacuum conditions, as well as shielding from ultraviolet or strong visible light, is often necessary
during extraction.
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4.2 Advanced Extraction Methods

Green technology is a current development trend focused on sustainability, safety, and resource
efficiency throughout sampling, preparation, measurement, and waste management. The Green Analytical
Procedure Index is a comprehensive tool used to evaluate how environmentally friendly an analytical
method is—from sample collection to final determination [185]. Therefore, research and development of
extraction methods for isolating ACNs or other bioactive compounds from edible flowers have increasingly
focused on green, sustainable, safe, and efficient approaches, such as ultrasound-, microwave-, and pulsed
electric field-aided techniques. These advanced extraction methods are illustrated in detail below. A
comparison of the extraction efficiency, cost, scalability, and suitability for industrial manufacturing of
different extraction methods for anthocyanins is shown in Table 10.

Table 10: Comparison of various extraction methods for ACNs in terms of extraction efficiency, cost, scalability, and

feasibility for industrial production.

Extraction Methods Extraction Efficiency Cost Scalability Industrial Feasibility

CSE Moderate (d?gradatlon; Low (solvents, energy, High (s%mple High

long time) labor) tanks/stirrers)
High (cavitation breaks L?w—moderate High (multiple .
UAE . (equipment cost, low probe/flow-through High
cells, short time)
solvent use) systems)
Moderate (equipment con?fr?dzrztsli:ﬁzlh;in Moderate (good for
MAE High (rapid heating) quip uou Eng small-to-medium scale;

cost, low solvent)

for heat-sensitive

uneven heating risks)

compounds)
Moderate-high .
PEF-Assisted (electroporation at low High (equipment cost) Moderate M.O derate (high
investment)
temperature)
High (cell wall .
EAE degradation, gentle, long Moderate to high Moderate (bioreactors) Moderate
. (enzymes costly)
time)
High-very high . . o
ORGSR e
biocompatibility) P & P p
SFE Low (p.olarlty mismatch; High (CO,, equipment Moderate (batch; Low (for anthocyanins)
requires co-solvent) cost) complex scale-up)
Moderate (cell wall . . Very Low (still
CPAE etching) High (equipment cost) Low (lab-scale only) experimental)
4.2.1 UAE

UAE is an emerging non-thermal technique that uses ultrasonic waves (20-200 kHz of frequency)
to generate cavitation bubbles in the solvent, leading to the disruption of cell walls and membranes and
enhancing mass transfer between the solvent and the plant matrix. Compared with CSE, this method
can greatly reduce extraction time, extraction temperature, and solvent consumption. Therefore, UAE is
considered an efficient, simple, and energy-saving technique for extracting bioactive compounds from
plants [186]. Ozgiir et al. compared three extraction methods (UAE, Soxhlet, and maceration) for ACN
extraction from red rose petals. UAE achieved the highest TAC (32.0 g/kg) at 40 mL/g, 30°C, and 15 min.
Soxhlet extraction yielded 30.0 g/kg (100 mL/g, 2.5 h), while maceration gave 29.6 g/kg (40 mL/g, 25°C, 48 h),
using 80% ethanol with 0.1 N HCI as the solvent in all cases [173]. For roselle, using 80% ethanol at 32°C,
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CSE for 72 h yielded 0.90 g C3G/kg while UAE for 40-60 min at 32°C, 40 kHz, and 180 W increased the TAC
to 1.85 g C3G/kg [45]. Similarly, the TAC for roselle extracted by UAE was 2.94 times greater than that by
CSE in Table 4 [169]. Ultrasound treatment (162.5 W, 20 kHz, 60°C, 30 min) significantly enhanced ACN
extraction from intact CT flowers (+66.70%), whereas UAE of CT powders resulted in a lower TAC than the
water extract obtained at 60°C for 30 min [160].

ACN vyield during UAE is influenced by factors such as ultrasonic power, frequency, amplitude,
temperature, extraction time, solvent type, and liquid-to-solid ratio. Optimization of these parameters
is therefore essential. The optimal UAE conditions for butterfly pea petal powder were water extraction
at 40°C for 45 min with an LSR of 10 mL/g and an ultrasonic power of 160 W, yielding 1.77 mg/g of
TAC and 7.35 mg GAE/g of TPC [162]. Nevertheless, excessive ultrasonic power, high temperature, or
prolonged sonication can lead to thermal degradation and structural modification of ACNs. Increasing
both extraction temperature and electric power of UAE raised free radical levels and medium temperature,
thereby accelerating the degradation of bioactive compounds in butterfly pea extracts [162,187]. Moreover,
UAE can be combined with other advanced extraction methods (e.g., MAE or DESs) to improve both
extraction yield and sustainability [167].

In summary, UAE is a non-thermal, efficient, and green extraction method that has been widely studied
and well developed for extracting anthocyanins and other bioactive compounds from flower materials, as
summarized in Table 10.

4.2.2 MAE

Microwaves are a type of electromagnetic radiation with frequencies ranging from approximately
300 MHz to 300 GHz. MAE utilizes microwave energy to heat the solvent and sample rapidly and uniformly,
enhancing cell wall rupture and the diffusion of phytochemicals into the solvent [181]. The main advantages
are short processing time, and reduced solvent consumption, and high extraction efficiency. For roselle,
CSE with 60% ethanol for 24 h at room temperature yielded a TAC of 14.46 g/kg, whereas MAE for 10 min at
180 W increased TAC to 16.34 g/kg, and the combined UAE-MAE gave the highest TAC (17.36 g/kg) [167].
Adding a microwave pretreatment (65°C) to the CSE process (acidified water) reduced the extraction time
by up to 12-fold and increased the extraction efficiency of TPC and TAC from saffron by more than 28%,
even at low microwave energy densities (0.16—0.54 kJ/mL) [180]. Nevertheless, MAE extraction of butterfly
pea flower powder (45-50°C for 2 min, LSR 20 mL/g) gave lower TAC and antioxidant activities but higher
TPC and TFC than water CSE (45°C for 45 min), with a much shorter extraction time [163]. However,
microwaves can easily cause localized overheating, which may accelerate ACN degradation, especially at
high temperatures [181]. Proper control of microwave power and extraction time is critical to prevent the
pigment loss. MAE is particularly suitable for thermally stable pigments and phenolic compounds, but for
heat-labile ACNs, milder extraction conditions are recommended.

4.2.3 PEF-Assisted Extraction

PEF technology is an emerging non-thermal processing technique that has gained increasing attention
for enhancing the extraction of heat-labile bioactive compounds, particularly ACNs, from plant materials.
PEF involves the application of short, high-voltage electric pulses, typically in the range of 0.5-10 kV/cm,
which induce electroporation of plant cell membranes. When the transmembrane potential exceeds a critical
threshold, reversible or irreversible pores are formed in the membrane, leading to increased permeability
and facilitating the release of intracellular bioactive compounds into the extraction medium [188].
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In ACN extraction, PEF is mainly applied as a pretreatment prior to CSE. The ACN yield obtained
by PEF-assisted extraction is markedly affected by electric field intensity, pulse number, pulse duration,
and overall energy input. Some studies have reported that PEF pretreatment significantly improves ACN
yield, shortens extraction time, and reduces solvent consumption in plant foods, including berries [189,190],
grape [191], purple-fleshed potato [192], and red cabbage [193]. Owing to its mild processing conditions,
PEF effectively preserves anthocyanin structure, color intensity, and antioxidant activity, which are often
compromised during thermal extraction [194]. However, to date, very few studies have investigated the
application of PEF for the extraction of ACNs from flowers. Rose petals suspended in a low-conductivity
medium were treated with ten 10-ps pulses at 6 kV/cm and frequencies of 0.17-10 Hz. The results
demonstrated that reducing the frequency to 0.17 Hz efficiently disintegrated the petal tissue, highlighting
its potential to enhance petal extraction processes [195].

PEF-assisted extraction is well aligned with green processing strategies, as it allows the use of water
or low-concentration ethanol as environmentally friendly solvents and can be integrated with other
emerging technologies, such as enzyme- or ultrasound-assisted extraction, to further improve extraction
efficiency [188]. However, some disadvantages still restrict its scalability and industrial application,
particularly the high cost of equipment and energy consumption.

4.24 EAE

To improve the recovery of bioactive compounds from plant materials, several hydrolytic enzymes,
including pectinase, cellulase, hemicellulase, and 3-glucanase, are used to degrade cell wall components
such as pectin, cellulose, and hemicellulose. EAE is typically conducted under mild conditions, at moderate
temperatures (30-50°C) and controlled pH, which preserve the structural integrity, color, and antioxidant
capacity of ACNs and maintain the activity of the hydrolytic enzymes. Thus, EAE is an effective, eco-friendly,
and safe method for improving ACN recovery from plant materials [196].

Studies on flowers such as butterfly pea, roselle, rose, and peony have shown that enzyme pretreatment
significantly enhances ACN yield and extraction efficiency compared with CSE [197]. The addition of
enzymes (cellulase, pectinase, and Viscozyme) significantly increased the TAC, TPC, and antioxidant activity
of butterfly pea flower extracts. Specifically, treatment with 1% Viscozyme at pH 3.5 and 50°C for 30 min
produced a 33.3% higher TAC than extraction without enzymes, which was supported by SEM images
showing cell wall disruption [164]. Extraction of roselle using enzymes (cellulase, pectinase, and enzyme
mixtures) resulted in significantly higher TAC, TPC, and antioxidant activities than CSE (hot water at 100°C
for 5 min) [169].

EAF aligns with green processing principles by allowing the use of aqueous or low-ethanol solvents
and enabling combination with technologies such as microwave [165] or ultrasound [179] for synergistic
effects. Nevertheless, enzyme cost, specificity, and stability remain key limitations. Additionally, enzymatic
hydrolysis must be carefully controlled, as excessive treatment can lead to pigment degradation or alteration
of ACN structure, such as deglycosylation.

4.2.5 NADES-Based Extraction

DESs are eutectic mixtures formed by hydrogen bond donors and acceptors, exhibiting melting points
significantly lower than those of their individual components [198]. NADES represent a specific subclass of
DESs in which all components are naturally occurring primary metabolites, such as organic acids, sugars,
amino acids, and choline. These solvents generally exhibit lower toxicity, higher biocompatibility, and
improved environmental friendliness. In ACN extraction, NADES act as efficient green solvents through
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multiple mechanisms, including strong hydrogen bonding, polarity compatibility, and pH stabilization.
Furthermore, NADES can swell and partially disrupt plant cell walls, increasing membrane permeability
and promoting the release of intracellular ACNs. Consequently, NADES have attracted increasing attention
as green solvents for the extraction of ACNs from edible and medicinal plants, particularly in food and
pharmaceutical applications [199].

Extraction efficiency of ACNs from ornamental plants is highly affected by the solvent composition,
pH, polarity and viscosity of DES [198]. Among the three DES tested for the extraction of ACNs from roselle,
choline chloride-citric acid showed the highest yield (187 mg/L), followed by choline chloride-ethylene
glycol (131 mg/L) and choline chloride-glycerol (96 mg/L) [171]. Using a sodium acetate/formic acid-based
NADES under ultrasound assistance, the molar ratio of the two components significantly affected ACN
extraction from Hibiscus sabdariffa calyces. Moderate water addition significantly reduced the viscosity
of NADES and markedly increased the yields of ACNs and polyphenols due to improved mass transfer
in the extraction matrix. Moreover, this NADES extraction method yielded significantly higher TAC
(+56.2%) from roselle flowers than that obtained using water or 70% ethanol in Table 5 [170]. Similarly,
under ultrasound assistance, choline chloride/glycerol-based NADES enabled more efficient extraction
of anthocyanins (+77.2%) from butterfly pea flowers than water in Table 4 [166]. For the combination of
DES with microwave technology, the optimal conditions for extracting ACNs from peony petals were
57°C, 12 min, an LSR of 43 g/g, using betaine/1,2-propanediol as the DES. Low-viscosity betaine-based
DES showed superior extraction performance, whereas temperatures above 60°C significantly reduced
ACN content. Morphological analysis indicated greater tissue disruption with DES than with 60% ethanol,
explaining the higher extraction yields. Hydrogen bonding interactions between DES and active compounds
played a key role, with a maximum interaction energy of 361 kJ/mol [178].

In summary, NADES-based extraction is an ecofriendly, safe, green, and sustainable technique for ACN
recovery, and its efficiency can be enhanced by ultrasound or microwave assistance. Nevertheless, difficulties
in solvent removal and product purification remain major challenges for scalability and application in the
food industry.

4.2.6 SFE

SFE usually using carbon dioxide as the supercritical solvent, offers an environmentally friendly and
solvent-free alternative. However, since ACNs are polar molecules, carbon dioxide alone is inefficient
for their extraction. To overcome this limitation, modifiers such as ethanol or water are often added to
increase polarity. Under the optimal SFE conditions (160 atm, 50°C, and a co-solvent ethanol flow rate
of 2.0 g/min), TAC and TPC from dried jamun fruit pulp powder reached 2.31 g/kg and 11.43 g GAE/kg,
respectively [200]. Six ACNs from Chaenomeles sinensis petals were successfully isolated and analyzed
within 300 min using SFE with a co-solvent mixture (n-butanol, acetonitrile, etc.) combined with high-speed
countercurrent chromatography [201]. SFE is ideal for producing high-purity extracts, but it requires
expensive equipment and precise control of pressure and temperature. Consequently, SFE is less commonly
used for anthocyanins.

Due to the non-polar nature of carbon dioxide, SFE is an effective method for obtaining essential
oils, oleoresins, and volatile compounds from edible flowers such as lavender, rose, peony, and jasmine,
which are valuable for the perfume, cosmetic, and food industries [202-204]. It can also extract bioactive
compounds, including linalool, eucalyptol, ursolic acid, sitosterol, and cannabinoids. When a co-solvent
such as ethanol is used, SFE is also suitable for extracting polar bioactive compounds, such as phenolics
and flavonoids [205].
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In summary, the advantages of SFE include the absence of organic solvent residues, low-to-moderate
temperature operation (35-60°C), prevention of oxidation, and the ability to be scaled up for industrial
production. However, there have been no literature reports on the extraction of ACNs from ornamental
flowers using this technique. Therefore, it is worthwhile to investigate the extraction of these flower ACNs
by SFE with co-solvents such as ethanol or water.

4.2.7 CPAE

Cold plasma (CP), characterized as a partially ionized gas sustained at near-ambient temperature, is
generated through the application of a high-voltage electric field to a working gas such as air, nitrogen,
or argon. This process yields a non-equilibrium plasma rich in reactive oxygen and nitrogen species,
ions, electrons, free radicals, and ultraviolet photons, while maintaining a low thermal footprint. CP can
effectively disrupt cell wall structure via physical and chemical etchings, increase surface hydrophilicity of
plant materials, and thus significantly improve the extraction efficiency of phytochemicals, particularly
polyphenols and essential oils [206]. The principal advantages of CP technology include its non-thermal
operational mode, which ensures the integrity of heat-labile compounds; high processing efficiency; and
its alignment with green chemistry principles through the potential reduction of solvent and energy
consumption. A concurrent benefit is its effective surface decontamination capability [207].

CPAE is a very new research field, and its current application in ACN extraction of flowers is still
very limited. When aqueous samples of blue pea flower were treated with cold plasma at higher power
or for longer times, it increased the levels of ACNs (by up to +92%) and phenolic compounds (by up
to +32%). However, it degraded pigments in powdered samples due to greater radical exposure. This
difference shows that the physical form of the plant matrix is critical [208]. Treating lotus flower powder
with a low-pressure CP system at 2.5 kV for 5 min significantly increased TFC from 358 to 898 mg QE/kg.
Meanwhile, TPC only appeared a slight increase, and antioxidant activity (mg ascorbic acid equivalent/kg)
rose from 429 to 766 [209]. Using the CP (200 V for 5-10 min) plus EAE method to extract phenolic
compounds (21 identified) from marigold petals resulted in a yield increase of 15% to 120% compared to
conventional water-based CSE [210]. Compared to dielectric barrier discharge treatment, glow discharge
cold plasma treatment resulted in higher levels of pelargonidin 3,5-diglucoside, greater antioxidant activity,
and increased bioaccessibility of some phenolic compounds in rose flowers [211]. For Berberis vulgaris fruit,
optimal bioactives extraction with vacuum-cold plasma (80 W, 5 min) produced ACN and polyphenol yields
(256.32 and 433.71 mg/L) comparable to PEF extraction [189].

Cold plasma technology represents a promising, non-thermal, environmentally friendly, and sustainable
processing method for the extraction of bioactive compounds from plant materials. By modulating
operational parameters—such as gas composition, applied voltage, and exposure time—the extraction
of various valuable phytochemicals from flowers can be effectively optimized. However, the practical
application of this technique faces several challenges. These include its limited penetration depth into
samples, high initial equipment costs, the risk of over-treatment leading to excessive oxidation of target
compounds, and a still incomplete understanding of the chemical interactions between plasma species and
complex plant matrices. Thus, further research on edible flowers is essential for advancing the scalability
and industrial adoption of cold plasma-assisted extraction.

5 Applications in Food Industry

The use of ornamental flowers in food has a long history, dating back centuries across various cultures.
Owing to their richness in ACNs, polyphenols, phenolic acids, flavones, essential oils and dietary fibers,
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edible flowers and their extracts are increasingly incorporated into a wide range of food products, including
beverages, baked goods, confectionery products, dairy products, and meat products, as shown in Table 11.
Beyond their visual appeal, flowers contribute distinctive aromas, flavors, and textures, thereby enhancing
the sensory quality of foods. Moreover, many flowers provide nutritional and bioactive compounds that
offer potential health benefits, such as antioxidant, anti-inflammatory, and antimicrobial effects (Table 2),
thus adding functional value to both culinary and processed food products.

Table 11: Applications of some edible ACN-rich flowers in food industry.

Optimal Amount

Flowers Forms @ Food Products Results References
Bread added the powder
showed the best overall quality,
ACN-rich dietary with better volume, texture,
Banana bract 2% Bread - [212]
fiber powder color, sensory acceptability, and

higher ACN content, while also
reducing starch digestibility.

Fortified cookie with higher
TPC, and antioxidative
B fl Petal % ki ’ 213
utterfly pea etal powder 6 Cookie activities in ABTS and DPPH, [213]

but lower hydroperoxide.

Produce blue noodles with high
TAC, TPC, antioxidant
B fl Al 20-30% 1 ; ’ 107
utterfly pea queous extract 0-30 Noodle activities, and desirable [107]

sensory qualities.

The addition of CTE decreased
bread starch digestibility

214
through inhibition of 214]

Butterfly pea Aqueous extract 5% Baked bread

pancreatic -amylase.

Produce blue Chinese steamed
bread with high TAC, TPC,

215
antioxidant activities, and [215]

Butterfly pea Aqueous extract 20-30% Steamed bread

acceptable sensory quality.

Edible spheres prepared exhibit
The mixture (CT good elasticity and texture,

extract, alginate, and retained high antioxidant

Flavored sweet water L L.

Butterfly pea Aqueous extract sugar) was dropped spheres activity, and maintain [216]
ere.

and gelled using 1.5% P

acceptable appearance and
CaCly structural integrity for up to
7 days at 5°C.

Lemon juice lowered the pH
(6-4), shifting the ice cream

color from blue to purple and

Butterfly pea Aqueous extract 10% Ice cream [217]

significantly improving
consumer acceptance of
butterfly pea ice cream.

The TAC of yoghurt with 2%
extract remained stable during
cold storage, whereas that of
Vacuum-dried 2% (W/V) Yoghurt &‘fermented fermfznt#d milk decreased
milk significantly. Both
ACN-enriched products
showed higher antioxidant

Butterfly pea [114]

anthocyanin extract

activity than controls.
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Table 11: Cont.

Flowers

Forms Optimal Amount

@ Food Products Results References

Bagel with lavender extracts
had significantly higher TPC
and DPPH scavenging ability.
Experimental subjects who ate
bagels enriched with lavender
had significantly lower

anxiety scores.

Lavender Aqueous extract 10 mL Bagel

[218]

The enriched muffins exhibited
higher redness, yellowness, and
Muffin hardnéss, diét;ir}y tAiber,AanAd ash, [219]
while maintaining similar

Lotus Flower powder 5-10%

overall consumer

Sensory scores.

Addition of lotus petal extract
could enhance yogurt quality
by promoting lactic acid
production and probiotic
growth, while improving

Aqueous extract (10
Lotus mL/g of LSR) 7.81% Yoghurt

[220]

water-holding capacity and
textural properties.

Rose teas prepared by
hot-water infusion from
12 rose cultivars showed TPC
values ranging from 50.7 to
Tea 119.5 mg GAE",/g I?B. These r‘ose [221]
teas were rich in free gallic
acid. Their ABTS" radical
scavenging antioxidant activity
was comparable to that of
green tea.

Rose Dried petals 1-2%

Apple jam enriched with rose
tals showed high TPC and
Rose Petals 15-25% Jam Pé : S showe . 4lg anA [222]
antioxidant activity, along with
acceptable sensory attributes.

Biscuits with the rose petals

. had significantly higher TAC,
223
Rose Biscuit TPC and DPPH [223]

scavenging ability.

Petal powder 5%

3-Cyclodextrin encapsulation
significantly enhanced the
retention of ACNs in rose juice
Rose Encapsulat'ed Juice dur-ing 70 days of sto#age under [110]
anthocyanins high-temperature, light, and
strong oxidative conditions
with increases of 9.24%, 9.21%,

and 2.57%, respectively.

Incorporation of Chinese
hibiscus flower extract
improved the antioxidant
1-2% yogurt capacity and mineral (calcium
and iron) content of yogurt
while maintaining acceptable

sensory properties.

Chinese hibiscus Flower extract

[224]
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Table 11: Cont.

Optimal Amount
(%)

Flowers Forms Food Products Results References

Acidic foods formulated with
encapsulated ACNs showed [135]
good sensory acceptance.

Encapsulated powder: Juice, curd and butter
0.6-1.375%

Chinese hibiscus i K
Using maltodextrin cream

The use of natural roselle
flowers markedly enhances the
jam’s physicochemical

properties, TPC, and

Roselle Fresh roselle 50% Jam [225]

antioxidant activity, while also

improving its sensory profile by

boosting aroma, flavor, texture,
and overall acceptability.

Cand 1 taining 5%
Encapsulated powder: andy samp es containing

lated der showed
Roselle Using maltodextrin 5% Marshmallow encapsuiated powder showe

137
high appearance acceptability (157]

and gum Arabic ) .
and purchase intention.

The enriched pasta exhibited
increased levels of dietary fiber,
Roselle Calyx powder 10-20% Pasta minerals, vitamin C, and [226]
phenolic compounds, primarily
gallic acid and ACNGs.

Incorporation of the ACN-rich

Encapsulated powder: 0.5 g powder/3 g spray-dried powder

Roselle Using starch and .
soybean oil

Cooking oil significantly improved the [136]
alginate oxidative stability of

soybean oil.

Addition of the roselle extract
can minimize the formation of
Roselle Freeze-dried extract 0.63% Beef patties heterocyclic amines in beef [227]
patties without affecting their
sensory properties.

Ice cream containing 5% roselle
extract exhibited higher
Roselle Aqueous extract 5% Ice cream overrun and total solids, lower [228]
meltdown, and desirable
viscosity and color intensity.

Jelly containing 5% flower
extract showed the highest

phenolics, flavonoids, and

Sesban flower Aqueous extract 5% Jelly [229]

antioxidant activity, and
inhibited microbial growth
over 30 days of cold storage

5.1 Colorants and Functional Ingredients

ACNS, the water-soluble pigments responsible for red, purple, and blue hues in many flowers, have
attracted considerable attention as natural food colorants and functional ingredients. The global ACN
market is forecast to grow from USD 415 million in 2025 to over USD 690 million by 2035, at an annual
growth rate of 5.2% [230]. ACNs derived from edible flowers and/or their extracts can impart vibrant
colors to foods and beverages while simultaneously providing antioxidant and health-promoting properties,
thereby contributing to the development of functional foods.

Herbal teas prepared from edible flowers, including rose, roselle, lavender, butterfly pea, lotus,
chrysanthemum, and jasmine, are widely consumed due to their appealing aroma, vibrant color, and
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health-promoting properties. For example, rose petals have been used to produce antioxidant-rich,
caffeine-free herbal teas [221]. Moreover, a composite herbal tea containing butterfly pea flower, rose petals,
lemongrass, and mint showed that the blue pea—lemongrass formulation achieved the highest acceptability,
strong antioxidant activity, and dose-dependent «-amylase inhibition, indicating its potential as a functional
beverage for diabetes management [231]. Similarly, juices [216] and confectionery products such as
jam [222,225], jelly [229] and candy [137] have been developed using rose petals, roselle calyces, blue pea
flowers, Sesbania javanica flowers, or their ACN-rich extracts. These products exhibit high pharmaceuticals,
strong antioxidant activities, and, in some cases, antimicrobial properties, while maintaining good sensory
quality. Overall, the use of edible flowers and their ACN extracts supports the development of clean-label,
functional beverage and confectionery products.

Dairy products, such as yogurt, fermented milk, and ice cream are particularly suitable matrices for the
incorporation of ACNs, as their mildly acidic environment and ACN—protein copigmentation interactions
contribute to improved ACN stability. The addition of edible flowers or their ACN-rich extracts can
effectively enhance product color while providing bioactive compounds and antioxidant activity, thereby
improving the nutritional quality and sensory properties of these dairy products. For instance, lotus petal
and Chinese hibiscus flower extracts enhanced yogurt quality by promoting lactic acid production, probiotic
growth, and improved texture and antioxidant activity [220,224]. Ice cream containing 5% roselle extract
shows increased overrun and color intensity with reduced meltdown [228], while Clitoria ternatea ACNs
enable naturally colored dairy products with high antioxidant activity and consumer acceptance [114,217].
Overall, ACNs from edible flowers facilitate the development of healthy, nutritious, and safe dairy products.

The addition of edible flowers or their extracts to wheat-based products—such as bread [218],
muffins [219], cookies [213], steamed buns [215], and noodles [107]—can generally and significantly
increase ACN content, total phenolics, and antioxidant capacity, while also altering the visual color of the
products. When added at appropriate levels, these extracts can positively contribute to product quality.
butterfly pea extract reduced bread starch digestibility by inhibiting pancreatic x-amylase, indicating
its potential to lower the glycemic index of flour-based products [214]. However, the high-temperature
processes involved in baking, steaming, and cooking can cause thermal degradation or loss of heat-sensitive
anthocyanins, leading to color changes or fading [215]. Another important challenge is that wheat-based
products are rich in wheat proteins and typically have a neutral to slightly acidic pH, which is unfavorable
for most ACNS, as they require acidic conditions to exhibit stable red coloration.

Incorporation of ACN-rich roselle extract can enhance oxidative stability of cooking oil [136] and
reduce the formation of heterocyclic amines in beef patties [227]. Essential oils are complex mixtures of
volatile terpenes, terpenoids, and other aromatic compounds. Edible flowers, such as rose, lavender, roselle,
jasmine, and Paeonia lactiflora, represent important sources of essential oils [30,37,204,232]. For example, the
essential oil of lavender is characterized by high levels of linalyl acetate, linalool, and 3-caryophyllene [30].
These essential oils are increasingly incorporated into food systems as natural preservatives and functional
ingredients because of their antimicrobial, antioxidant, and flavor-enhancing properties [42,233].

In the food industry, ACNs from edible flowers are still far less utilized than those from fruits, vegetables,
and cereals. Although many edible flowers exist, only a few have been explored for development. Further
research is needed to find flowers with high, stable ACN content and to improve ACN stability during
food processing.
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5.2 Packaging Film

ACNs have gained considerable attention for applications in active edible films and intelligent food
packaging. The key principle of using ACNs in packaging materials is their high sensitivity to environmental
pH changes. Due to reversible structural transformations, ACNs exhibit distinct color variations under
different pH conditions, typically appearing red in acidic environments and shifting to purple, blue, yellow,
or green in neutral to alkaline conditions. This color responsiveness enables ACNs to function as natural
indicators for monitoring food freshness. ACNs from some edible ornamental flowers have been used to
develop intelligent and active packaging films, as summarized in Table 12.

Table 12: Applications of some edible ACN-rich flowers in packaging films.

Flowers Forms Optimal Amount (%) Films Results References

The film functioned as a
pH-responsive indicator in

fresh milk and fish,
(1) 500 mL extract per exhibiting a distinct color
Butterfly pea Aqueous extract (Z)IS}ZIzgit?rlfgli; il]ll):}? (1)'5% Smart edible film CIl:l a;%;(i‘;ﬁz:i z}llt];:%(z\l:eg:' [162,234]
CT extract was prepared. extract decreased the tensile
strength of the film while
enhancing its elongation
at break.
The active film containing
roselle extract exhibited
Roselle Extract 1% Red pectin film antioxidant activity and [235]
inhibited the growth of
Listeria monocytogenes and
Staphylococcus aureus.
The film exhibited the
highest thermal stability and
10% extract, 3% gluten Intelligent packagin showed significant color .
Roselle Aqueous extract 1.5% CMC.g g ﬁhI1)1 o changes in f‘ih fillets, which (236]
aligned with variations in
total volatile basic nitrogen.
The ACN extract was The pH-responsive smart
incorporated into Intelligent packaging films exhibited superior
Roselle NADES extract polyvinyl film mechanical performance, [171]
alcohol-carboxymethyl antimicrobial effectiveness,
cellulose composite films. and UV-shielding capacity.

In edible and biodegradable packaging systems, ACNs are commonly incorporated into biopolymer
matrices such as starch, chitosan, alginate, pectin, cellulose derivatives, and protein-based materials [171].
These biopolymers provide mechanical strength and barrier properties while acting as carriers that
stabilize ACNs and facilitate their interaction with volatile compounds released during food spoilage.
As microbial growth and protein degradation often produce alkaline metabolites such as ammonia and
amines, ACN-containing films can visually indicate freshness changes through observable color shifts [236].

In addition to their indicator function, anthocyanins also exhibit antioxidant activity, which can help
retard lipid oxidation and the growth of pathogens, as well as quality deterioration in packaged foods [235].
Their natural origin, biodegradability, and low toxicity make ACNs attractive alternatives to synthetic
dyes in intelligent packaging applications. ACN-based films have been successfully applied to monitor the
freshness of milk, meat, fish, and other perishable foods, showing good correlations with microbial counts
and chemical spoilage indices [234,236]. Despite these advantages, the stability of ACNs against light, heat,
and oxygen remains a challenge, and current research focuses on improving their stability through polymer
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interactions and encapsulation strategies. Overall, ACN-incorporated edible and intelligent films represent
a promising approach for sustainable and consumer-friendly food packaging.

6 Conclusions and Future Prospects

Consumers are increasingly seeking natural pigments that are safe and provide nutritional and health
benefits. Edible flowers are rich sources of bioactive compounds, particularly ACNs, and can impart
attractive colors as well as health-promoting effects, including antioxidant, anti-inflammatory, antidiabetic,
anticancer, and cardioprotective activities. Among the 11 different types of edible flowers, the four with
the highest TAC (expressed as grams of C3G per kilogram DB) are rose (33.3), saffron (10.2), roselle (10.0),
and butterfly pea flower (3.5), making them good sources of red to blue ACNs for industrial scale-up
exploration. A deeper understanding of the biosynthesis and its regulatory mechanisms in these flowers
will be crucial for future breeding and cultivation efforts aimed at enhancing ACN vyield and diversity. The
article introduces eight extraction methods and compares their advantages and disadvantages. Considering
factors such as extraction efficiency, cost, and energy consumption, the UAE and CSE methods are currently
the most suitable for industrial extraction of edible flower ACNSs, followed by the MAE and EAE methods.
For PEF, CP, and SFE extraction techniques, there are currently very few or no reports on their application
in the extraction of ACNs from edible ornamental flowers. Regarding ACN stability, low temperature, acidic
pH, low water activity, and protection from light are favorable conditions. In addition, selecting inherently
stable (poly-)acylated ACNs, together with stabilization strategies such as copigmentation with proteins,
polysaccharides, and organic acids, as well as microencapsulation, can effectively enhance ACN stability
and bioavailability, thereby promoting the application of edible flower ACNs in functional foods. However,
a large number of edible ornamental flowers remain largely unexplored and underutilized. This review
highlights the need for more in-depth investigations into diverse edible flowers, with an emphasis on
developing more efficient ACN extraction methods and improved stabilization strategies, thereby enabling
more effective incorporation of edible flower ACNs into foods and nutraceuticals to promote human health.
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Abbreviations Full Terms Abbreviations Full Terms
4CL 4-coumarate-CoA ligase F3’5'H Flavonoid 3’,5'-hydroxylase

ABC ATP-binding cassette F3H Flavanone 3-hydroxylase
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ACNs Anthocyanins F3'H Flavonoid 3’-hydroxylase

ANS Anthocyanidin synthase GAE Gallic acid equivalent

AOMT Anthocyanin O-methyltransferase GST Glutathione S-transferase

AT Anthocyanin acyltransferase LSR Liquid-to-solid ratio

BTL Bilitranslocase MAE Microwave-assisted extraction

C3G Cyanidin-3-glucoside MATE multidrug and toxic compound extrusion

C4H Cinnamate 4-hydroxylase MRP Multidrug resistance-associated protein

CHI Chalcone isomerase NADES Natural deep eutectic solvent

CHS Chalcone synthase PAL Phenylalanine ammonia-lyase

Cp Cold plasma PEF Pulsed Electric Field

CPAE Cold plasma-assisted extraction QE Quercetin equivalent

CSE Conventional solvent extraction SFE Supercritical Fluid Extraction

D3G Delphinidin-3-glucose TAC Total anthocyanin content

D3S Delphinidin-3-sambubioside TE Trolox equivalent

DB Dry weight basis TFC Total flavonoid content

DES Deep eutectic solvent TPC Total phenolic content

DFR Dihydroflavonol 4-reductas UAE Ultrasound-assisted extraction

DPPH 2,2-diphenyl-1-picrylhydrazyl UFGT UDP-glucose-flavonoid 3-O-glycosyltransferase

EAE Enzyme-assisted extraction WB Wet weight basis
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