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Abstract: Background: Fruit and vegetable waste (FVW) is a global waste issue with envi-
ronmental impacts. It contains valuable compounds such as polysaccharides, polyphenols,
proteins, vitamins, pigments, and fatty acids, which can be extracted for food applications.
This study aims to review sustainable extraction methods for FVW and its potential in the
food industry. Methods: This paper provides an overview of the sources and sustainable
methods of high value-added compounds extracted from FVW. Sustainable techniques,
including supercritical fluid extraction and ultrasound-assisted extraction, are compared
with traditional methods, for their efficiency in extracting high-value compounds from
FVW while minimizing environmental impact. Discussions: Sustainable extraction of FVW
compounds is sustainable and beneficial for novel food ingredients. However, challenges in
scalability and cost need to be addressed for wider adoption in the food sector. Conclusions:
Sustainable extraction techniques effectively extract phytochemicals from FVW, preserving
bioactivity and reducing environmental load. These methods show promise for sustainable
food ingredient development.

Keywords: fruit and vegetable residues; sustainable extraction; novel food ingredients

1. Introduction
Fruits and vegetables are important foods and nutritional sources for humans. They

can be consumed directly or processed into other products as ingredients. The edible
portion of fruits and vegetables varies considerably from one species to another, and the
inedible portions, considered as residues, include roots, stems, leaves, peels, seeds, and
pomace. For example, the inedible part of passion fruit is up to 45–50% [1], that of rambutan
is 50–65% [2], and that of mangosteen is 60–75% [3]. Table 1 shows the proportion of the
nonedible parts of some other fruits. In addition to the residues, fruit and vegetable by-
products (FVBP) are generated during the processing, transportation, and storage of fruit
and vegetable products. A broader term, fruit and vegetable waste (FVW), which refers
to the indigestible portion that is discarded at various stages during processing, can be
considered as a kind of loss instead of waste. Including picking, grading, transportation,
storage, marketing, and processing, loss occurs throughout the supply chain, and up to 50%
of fruits and vegetables are wasted before they even reach the consumption stage [4]. Due
to the higher production of fruit and vegetable products in the recent 10 years, as well as the
lack of appropriate processing and handling methods, significant losses and wastage can
be seen [5]. According to a report by the Food and Agriculture Organization of the United
Nations (FAO), about 1.3 billion tons of food produced globally each year is lost or wasted,
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and the figure is still rising. One of the Sustainable Development Goals (SDGs) is to reduce
food waste by 50%, a key challenge for FAO in 2050. In order to mitigate the enduring
adverse economic, social, and environmental outcomes of ongoing waste generation, the
European Commission has embraced a framework for advancing a circular economy [6].
Waste is recognized as the raw material for the circular economy, which is based on the
socially driven concept of a zero-waste economy [7]. The disposal of such waste is a
major problem affecting the environment. This problem can be solved by valorizing fruit
and vegetable waste to recover economically important chemicals, and further to create
a more sustainable agricultural system. A lot of research works are ongoing to recover
commercially important from fruit and vegetable waste [8]. Consequently, focusing on the
rational treatment and reuse of FVW is an important way to realize a low-carbon economy
and ecological cycle.

Table 1. Major loss and waste of common fruits and vegetables.

Fruit and
Vegetable

Typical Loss and
Waste

Fruit and
Vegetable

Typical Loss and
Waste

Mangosteen 60–75% Pea 40%
Durian 60–70% Banana 35%
Rambutan 50–65% Dragon fruit 30–45%
Pomegranate 50% Tomato 20%
Oranges and
tangerines 50% Grape 20%

Passion fruit 45–50% Potato 15%
Mango 45% Pawpaw 10–20%

FVW contains a lot of functional components and bioactive constituents such as alka-
loids, amino acids, pigments, enzymes, polyphenols, proteins, tannins, saponins, vitamins,
and terpenoids (Figure 1). Bioactive ingredients are the main components of biomass, which
can produce favorable effects on human health. Numerous studies have been reported on
the importance of polyphenols in the regulation of intestinal flora and improvement of
cardiovascular diseases, insulin resistance, and systemic inflammation [9]. Plant tissues
rich in dietary fiber have antioxidant and antidiabetic properties, thus aiming to prevent
intestinal and metabolic diseases in humans [10]. Carotenoids act as potent antioxidants
and natural food coloring agents, which can protect vision, heart, and skin health [11].
These bioactive compounds can be utilized in the food, cosmetic, and pharmaceutical
industries as nutritional enhancers, antioxidants, bacteriostatic agents, or for other pur-
poses [12]. Plants, bacterium, fungi, algae, and genetic engineering are the main sources
of bioactive substances and the means of industrial production [13]. Given the growing
demand and market potential for a wide range of bioactive compounds, it is important to
develop alternative options. Therefore, the extraction of functional components from fruit
and vegetable residues has significant prospects for development.

There have been many previous studies on the extraction and reprocessing of bioactive
compounds in FVW, and the traditional extraction methods include: solid–liquid extraction,
Soxhlet extraction, and liquid–liquid extraction [14]. However, these methods have obvious
drawbacks, such as high solvent consumption, low extraction efficiency, limited extraction
scale, risk of thermal degradation of thermally unstable components, and long extraction
time [15]. This review categorizes the sources of functional factors and corresponding
high value-added components in FVW, while focusing on emerging technologies from the
source to the final product. In addition, possible avenues for the further development of
extracts into products as novel food ingredients are explored, and this component to further
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enhance the value of the waste stream can be utilized. And finally, the main issues behind
the development of laboratory methods into actual marketable products are discussed.
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2. Composition of Fruit and Vegetable Residues
Fruit and vegetable residues are important sources of a neglected class of plant-

derived compounds, the functional constituents of which vary widely depending on their
source and structural site. The types of phytochemicals found in several common fruit
and vegetable residues are listed in Table 2. Fruit and vegetable peels are vital sources
of pigments, polyphenols, and enzymes. Banana peel contains large amounts of pectin,
flavonoids, biogenic aminesa, and sterols, which suggests that it is a reliable source of
functional polysaccharides for extraction [16]. Polyphenols in citrus peels exist in the
form of polyphenol acids, mainly including caffeic acid, p-coumaric acid, ferulic acid, and
erucic acid [17]. Additionally, onion skins have an abundant amount of anthocyanins
and carotenoids [18]. Roots and leaves are rich in polyphenols, amino acids, dietary fiber,
and chlorophyll [19]. The main functional components in grape stems are resveratrol and
condensed tannins [20], while the seeds are abundant in lipids and fat-soluble substances,
serving as an essential source of oil and pigment, and thus being of great value.
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Table 2. Active components in several plant residues from different sources.

Source Functional Component Health Effect

Peels

Banana

Carotenoids Antioxidation, eye health, cardiovascular protection, anticancer
[16]

Flavonoids
Biogenic amines Neurotransmitter function, mood regulation, enhance metabolic vitality
Sterols Cholesterol-lowering, prevention of cardiovascular system diseases
Terpenes Anti-inflammatory properties, anticancer, neuroprotective

Apple

Chlorogenic acid Antiviral, anti-diabetic, anti-inflammatory, anti-obesity

[21]
Epicatechin Diabetes and obesity management, improve cognition and cardiovascular

function
Proanthocyanidin B2 Neuroprotective, anti-inflammatory, reduces risk of ischemic stroke
Phloretin Immunosuppressive, cardiovascular and respiratory health
Quercetin Antimicrobial action, anti-inflammatory

Citrus

Caffeic acid Antioxidant, anti-inflammatory, anticarcinogenic, diabetes management,
cardioprotective, neuroprotective

[17]
Ferulic acid
Sinapic acid
Naringin Promotes carbohydrate metabolism
Hesperidin Lipid-lowering
Dietary fiber Digestive health, cardiovascular protection, diabetes prevention

Pomegranate
Pomegranate Antioxidant, anti-inflammatory, anticarcinogenic, cardiovascular health

[22]Granin
Ellagic acid Neuroprotective, anti-inflammatory, antioxidant, anticarcinogenic
Gallic acid Antimicrobial, antioxidant, anti-inflammatory,

Onion

Kaempferol Cardioprotective, antioxidant, anti-inflammatory

[18]

Luteolin Cardioprotective, anti-inflammatory, antioxidant, anti-allergy, reduce uric acid
Quercetin Antioxidant, reduce blood fat and pressure, enhance capillary resistance
Flavonols Antioxidant, anti-inflammatory, anticancer, supports heart healthAnthocyanins
Proanthocyanidin B2 Neuroprotective, anti-inflammatory, reduces risk of ischemic stroke
Carotenoids Antioxidant, supports eye health, immune support, anticarcinogenic

Potato

Chlorogenic acid Antioxidant, anti-diabetic, anti-inflammatory, anti-obesity

[23]
Flavonoids Antioxidant, anti-inflammatory, cardiovascular health, neuroprotectionAnthocyanins
Carotenoids Antioxidant, supports eye health, immune support, anticarcinogenic
Vitamin C Immune system support, antioxidant, cardiovascular health

Mango

Fructose, xylose, and
pectin Contributes to gut health

[24]

Maclurin derivatives Antioxidant, anti-tyrosinase, anti-tumor, anti-proliferative
Gallates Antioxidant, anticancer properties, anti-biosis
Protein Essential for cell structure and function, crucial in every biological process
Gallotannins

Antioxidant, antibacterial, astringent propertiesFlavonoids
Ellagic acid

Mangiferin Treatment of chronic bronchitis, inhibit the central nervous system,
anti-inflammatory, bacteriostatic, anti-herpes simplex virus

Stems
and
roots

Ginger

Trans- ferulic acid Antioxidant, antifertility, myorelaxant, and antispasmodic properties

[25]

Epicatechin
Antioxidant, anti-inflammatory, neuroprotective, protect liver activityRosmarinci acid

Trans- cinnamic acid

Myricetin Liver protection and lowering enzymes, anti-atherosclerosis, antibacterial and
viral infection, anti-allergy

Linalool Anti-inflammatory, antimicrobial, sedative effects, improve fat quality

Banana
Osides Cholesterol lowering, anti-inflammatory, bacteriostatic, and immune regulation

[26]Cellulose Promotes digestive health, prevent constipation
Ferulic acid Antioxidant, anti-inflammatory, anticarcinogenic

Grape

Procatechin acid Antiplatelet agglutination, improve myocardial oxygen resistance,
bacteriostasis, analgesia, anti-inflammatory

[22]
Catechin Antioxidant, cardiovascular health, anticarcinogenic
Trans cassia bark acid Anti-inflammatory, antimicrobial, antidiabetic, hemostasia

Resveratrol Cardiovascular protection, anticarcinogenic, anti-aging
Condensed tannins Antioxidant, anti-inflammatory, astringent

Amaranth

Vitamin C Immune system support, antioxidant, promotes collagen synthesis

[20]
Vitamin E Antioxidant, protects cell membranes, supports skin and eye health, prevention

of atherosclerosis
Vitamin B2 Promotes cell regeneration, supports energy metabolism
Carotenoids Antioxidant, supports eye health, may reduce risk of certain cancers
Saponins Anti-diabetic properties, lowers blood lipids
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Table 2. Cont.

Source Functional Component Health Effect

Stems
and
roots

Broccoli

Glucosinolate Anticancer, anti-inflammatory, regulation of the endocrine function,
protect the liver, protect the renal function, analgesic

[27]

Sulforaphen
Polyphenols

Antioxidant, Vision health, Immune supportCarotenoids
Chlorophyll
Vitamin E Antioxidant, Supports immune function
Vitamin K Blood clotting, Bone health

Leaves

Celery

Vitamin C Immune system support, antioxidant, promotes collagen synthesis,
aiding in iron absorption

[28]

Chlorophyll Antioxidant, antimutagenic, antigenotoxic, anticancer,
anti-obesogenic activities

Quercetin Preventing allergies, preventing free radicals, supporting
cardiovascular health, expansion of the coronary artery

Kaempferol Antioxidant, anti-inflammatory, anticancer, prevention of
arteriosclerosis, improve insulin sensitivity

Apigenin Anti-tumor, cardiovascular and cerebrovascular protection,
antiviral, antibacterial, support mental health

Luteolin Dispellant, anti-inflammatory, uric acid, anti-allergy, regulation
of aging

Grape

Galactool Prebiotic effect, promotes beneficial gut bacteria

[29]
Raffinose Promotes the growth of beneficial bacteria, reduces pathogens
Vitamin C Antioxidant, boosts immunity, aids in collagen synthesis

GABA Reduces anxiety, improves sleep quality, lowers blood pressure,
mediation of hormone secretion

Sea-buckthorn

Ellagitannins Antioxidant, anti-inflammatory, chemopreventive, prevention of
neurodegenerative diseases

[30]
GABA Reduces anxiety, improves sleep quality, lowers blood pressure,

mediation of hormone secretion
carotenoids Antioxidation, eye health, cardiovascular protection, anticancerFlavonoids
Gallic acid Antioxidant, anti-inflammatory, and antineoplastic properties

Ellagic acid Boosts immune system, lowers cholesterol, helps prevent heart
disease

Soybean

Ceramphenolic glycosides Anti-infection, anti-inflammatory disease, prevention of diabetes
mellitus

[31]
Daidzin Anti-estrogenic effects, breast cancer, and cardiovascular disease,

antiatherosclerotic activities

Coumesterol Reduce the oxidation of low-density lipoprotein, prevent cancer and
anti-inflammatory effects

Glyceofuran Antiestrogenic effects, antifungal activity against Aspergillus
Pterocarpan Hyglucose glycemia, anti-inflammatory, antioxidant, analgesia

Seeds

Tamarindus

Ligninans Antioxidant, anticancer, hepatic protection and estrogenic
properties, anantagonism of platelet activating factor activity

[32]
Xyloglucan Immunomodulatory activity

Dietary fiber Helps regulate blood sugar, aids in weight management, promotes
heart health

Flavonols Antioxidant, anti-inflammatory, anticancer, and cardioprotective
effects

Cactus

Hydroxyl cassia bark acid Anti-inflammatory, antidiabetic, anticancer, antioxidant activity

[33]
Linoleic acid Anticarcinogenic, antiobese, antidiabetic and antihypertensive

properties
Oleic acid Promotes health and longevity, involved in lipid metabolism

Tocopherol Antioxidant, prevents certain types of cancer, heart disease, and
other chronic ailments

Pomegranate Punicic acid Cardiovascular health, anti-inflammatory, antioxidant [34]

Watermelon
Linoleic acid Anticarcinogenic, antiobese, antidiabetic and antihypertensive

properties [32]Oleic acid Promotes health and longevity, involved in lipid metabolism
Carotenoids Antioxidation, eye health, cardiovascular protection, anticancer

Foeniculum
vulgare

Trans-anethole Flavoring agent
[35]2-pentanone Antibacterial, anti-inflammatory, analgesic, antioxidant liver

protectionFenchone
Benzaldehyde-4-methoxy
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3. Functional Components of Fruit and Vegetable Residues
3.1. Polyphenol

Polyphenols are a kind of natural plant secondary metabolites with antioxidant prop-
erties, which can be involved in the treatment of differential human diseases. Based on their
structural features, polyphenols can be categorized into benzoic and cinnamic acid deriva-
tive polyphenol acids and flavonoid and non-flavonoid polyphenols, with subgroups of
flavonoids including flavanones, flavanols, anthocyanins, and isoflavones [36]. Polyphenols
have obvious antioxidant properties and play an essential role in the prevention of several
chronic diseases associated with oxidative stress, such as cancer, cardiovascular diseases,
and neurodegenerative diseases [37]. Polyphenols have been shown to bind to immune cell
receptors and can take part in modulating intestinal mucosal immune responses, allergic
diseases, and antitumor immunity [38]. In addition, relevant beneficial effects can be seen
in the gastrointestinal digestive system. Polyphenols are effective in attenuating cellular
damage induced by oxidative stress and reducing damage to the structural morphology of
the digestive mucosa [39]. Another important factor deserving attention is that polyphenols
are polymerized to different degrees, which affects their bioavailability and metabolite
production [40]. Dietary polyphenols are usually in a highly polymerized state, mainly in
the form of esters, glycosides, or polymers, which cannot be absorbed by intestines in their
natural form. They reach the colon directly and interact with intestinal microorganisms. In
the colon, enzymes break them into absorbable small molecules for further action [41].

Current common sources of industrial polyphenol extraction are plants. Tea polyphe-
nols, mainly catechins, are extracted from tea leaves [18]; proanthocyanidins are extracted
from grape seeds and are commonly used in the extraction of high-purity polyphenol
products [42]; hydroxytyrosol, extracted from olive leaves and olive fruits, is widely used
in nutraceutical and cosmetic products; phenolic acids and oatmeal amides are extracted
from the bran of oats, barley, and other cereals [43].

A number of FVW contains more polyphenols than the pulp fraction. In some fruit
species, polyphenols in the peel account for above 40% of the total content in the fruit.
For example, mango peel has a higher polyphenol content than mango pulp at all growth
stages of the fruit [44]. And a polyphenol release of 63–82% from apple flesh and 42–58%
from the peel was estimated [45]. The pericarp of kiwifruit was found to be more abundant
in polyphenols and flavonoids than the flesh, with contents of 12.8 mg/g and 2.7 mg/g,
respectively [46]. Berry hulls and pomace contain high levels of anthocyanins, which
are responsible for their high total polyphenol content and antioxidant activity. For ex-
ample, blackberry, blueberry, and Jaboticaba peels; strawberry hulls [47]; and raspberry
pomace [48], among other berry peels or residues were able to extract adequate amounts of
anthocyanins. The polyphenol content varies from one source to another. Tremocoldi [49]
determined the polyphenol content in the peel extracts of two species of avocado and
detected that the total polyphenol content in the peel (63.5 and 120.3 mg/g, respectively)
was higher than that in the seed extracts (57.3 and 59.2 mg/g, respectively). Makori [23]
extracted the potato peels from four potato varieties and the extracted polyphenol con-
tents ranged from 360.61 to 157.20 mg CAE/100 g DW, which were all higher than the
corresponding polyphenol contents in the pulp of the four varieties. Phumat [50] explored
the functional properties of the extract from the fruit peel of Benincasa hispida, a food
waste, with the ethanol extract (95%) demonstrating optimal efficacy in anti-aging and
antioxidant activities.

3.2. Bioactive Carbohydrates

Polysaccharides, the most widely studied kind of metabolites other than polyphenols,
constitute a diverse family of natural polymers consisting of aldoses or ketoses linked with
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glycosidic bonds. Polysaccharides in plants are usually structural components of plant
cell walls and possess a variety of biological activities such as antimicrobial, blood glucose
regulation, blood pressure lowering, blood circulation enhancement, immunity regulation,
antitumor [51], hypoglycemic [52], gastrointestinal [53], and neuroprotective effects. Some
of the polysaccharides can be absorbed and utilized to perform their respective functions.
For example, dietary fiber (DF), a kind of undigestible polysaccharide, is the most abundant
carbohydrate in plants, including hemicellulose, cellulose, and pectin. The prebiotic role of
DF is well established through the formation of short chain fatty acids (SCFAs) [54]. Among
them, pectin is a complex heteropolysaccharide, which is widely recognized as a valuable
soluble dietary fiber component. And it plays an important role in human diet and health
by lowering circulating cholesterol levels, decreasing postprandial glucose response, and
increasing satiety, thereby reducing energy intake [55].

Wheat bran, bamboo, and sugar cane are important sources of industrially produced
dietary fiber [56]. The main sources of pectin industrial production are citrus, lemon, and
grapefruit peels [57]. Polysaccharides are commonly associated with plant epidermis and
stems, and FVW has been shown to be a major source of natural plant polysaccharides.
Aloe vera is a common plant rich in phytopolysaccharides. Minjares-Fuentes [58] studied
the composition of polysaccharides in the non-edible parts of Aloe vera, which consisted
of two main groups, an acetylated mannose-rich polymer that functions as the storage
polysaccharide, and a galacturonic acid-rich polymer as the main component comprising
the cell walls of the parenchymatous tissue. Polysaccharides in legume residues have been
extensively studied. Soybean polysaccharides (SPS) are a class of soluble polysaccharides
derived from legume residues that consist mainly of monosaccharide components such as
glucose, galactose, and arabinose [59]. Citrus fruits are considered to be a reliable source
of DF, accounting for about 25.71–80.41% [60]. Seeds of various fruits are also rich in
DF. Grzelak [61] reported that DF is the main component of skimmed strawberry seeds,
accounting for 700 g/kg DW. Apricot seeds contain about 27–35% of DF and grape seeds
and date seeds account for 92.4% and 40%, respectively. Cranberry seeds contain 51.06%
of total DF [62]. In addition, plant peels and stems are rich in pectin. Petkowicz and
Williams [63] isolated pectin from broccoli stems by ethanol extraction with galacturonic
acid (GalA) and degree of esterification (DE) content within the range set by the FAO and
EU for food applications.

Polysaccharides extracted from FVW are shown to be used effectively in the medical
and health field. Olennikov [64] elucidated the waste generated by the blueberry processing
industry and its potential functionalities. The results of in vitro and in vivo experiments
revealed that the polysaccharides in blueberries can effectively degrade the lipid profiles of
hamsters fed a high-fat diet, ultimately validating the notion that food processing waste
can be employed in the pharmaceutical industry for the production of hypolipidemic and
antioxidant compounds. Zhu [65] extracted polyphenols and polysaccharides from corn
silk, and identified the polysaccharides in corn silk as the effective hemostatic component,
and flavonoids and saponins as the anticoagulant active components. And polysaccharides
from various sources of corn silk confirmed their hemostatic effects.

3.3. Protein and Bioactive Peptides

FVW, especially seeds of tropical and subtropical fruits, is a considerable source of
proteins and amino acids, and many specific amino acid sequences have been proved to
have health effects [66]. In particular, bioactive peptides (BPs) have been a hot research
topic in the last few years. BPs are composed of 2–20 amino acids linked by peptide bonds
that are inactive in their parent protein sequence but can be hydrolyzed and released after
enzymatic, chemical, and microbial action. They are known for their ability to inhibit
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protein interactions due to their small size and specificity [67]. BPs have antithrombotic,
anticancer, antihypertensive, immunomodulatory, mineral binding, antimicrobial, and
antioxidant properties. And they can prevent chronic diseases, particularly cardiovascular
diseases and metabolic disorders, as well as having hypolipidemic and hypoglycemic
effects [68].

Plant proteins have received a lot of attention in recent years as alternative proteins.
The main sources of industrial production plant proteins are legumes such as soybeans,
mung beans, and peas [69]. But the widespread use of soy protein also has some serious
problems including protein digestibility and soy odor, and more proteins from plant waste
are being incorporated into the food industry. Walnut residue is a by-product of walnut oil,
which contains about 40–45% proteins of 18 amino acids, providing more than 95% of the
antioxidant activity of walnuts [70]. Broccoli is known as a high-protein vegetable with a
distinct amino acid profile and 42 kg/ton DW of total protein can be extracted from broccoli
leaves [71]. Moreover, Carica papaya seeds with a protein content of 27.3–28.3% w/w, are
the highest among subtropical fruit seeds [72].

3.4. Other Bioactive Substances

In addition to the major phytochemicals, vitamins, pigments, fatty acids, and other
substances are also found in abundance in FVW which may have a variety of health effects.
Carotenoids are naturally occurring plant pigments enriched in fruits and vegetables,
and may reduce the risk of degenerative diseases such as cancer, cardiovascular disease,
age-related macular degeneration, and cataracts [73].

Common sources of carotenoids are plants, microalgae, fungi, and metabolic engineer-
ing. Among them, algae possess some additional pathway for the synthesis of algae-specific
carotenoids, capable of producing large amounts of carotenoids. Thus, it is the main source
of carotenoids in the current food industry [74]. The methodology for the commercial pro-
duction of carotenoids from marine microalgae, such as Haematococcus, Dunaliella, Chlorella,
and Spirulina, has been standardized [13].

Liu et al. [21] noted that carotenoids, chlorophylls, and vitamins E and K in broccoli
leaves were significantly more abundantly accumulated in leaves than in florets, suggesting
that broccoli leaves may be a favorable source of vitamins and pigments. Lycopene is one
of the most common carotenoids, and its main natural source is tomato [75]. Silva et al. [76]
extracted 1446.6 µg/g lycopene from tomato processing waste. In addition to carotenoids,
other natural phytochromes are also found in abundance in FVW. Beet is the richest source
of betaine, a red pigment with a wide range of health benefits, which can be used as a
natural colorant and has the advantage of being stable at a low pH [77].

Oils and fatty acids are relatively common in seeds, with residues of citrus fruit seeds,
mango seeds, apricot seeds, pomegranate seeds, and tomato seeds containing significant
amounts of oils, about 10–50%. Unsaturated acids (mainly linoleic acid) predominate in
papaya seeds and have a very high omega-6/omega-3 ratio, and linoleic acid promotes
the production of ceramides, which help maintain the skin barrier [78]. Mango seeds
contains 44–48% saturated fatty acids (mainly stearic acid) and 52–56% unsaturated fatty
acids (mainly oleic acid), which can serve as a healthy alternative to cocoa butter [79].
Pomegranate seed oil is a rich source of pomegranate acid, which belongs to a class of
conjugated omega-5 fatty acids that can mitigate breast cancer [78].
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4. Applications of Sustainable Extraction Technology in Fruits
and Vegetables
4.1. Supercritical Fluid Extraction (SPE)

Supercritical fluid technology is a method of extracting nonpolar compounds (mainly
carotenoids and lipids) by utilizing temperature treatments between the boiling point and
the critical point of the fluid to keep it in the liquid state, thus changing its temperature-
dependent dielectric constant [80]. Depending on the polarity of its extracts, SPE can utilize
water, CO2, and propane as solvents, which can effectively reduce the amount of organic
matter. Thus, SPE is considered a green and economical technique and an effective method
for extracting plant functional substances under mild operating conditions.

The extraction of polyphenols, flavonoids, and carotenoids from plants using SPE
is a common technique. Table 3 demonstrates the extraction efficiencies under a variety
of parameters. Kupnik et al. [81] analyzed the pomegranate peel extract obtained un-
der SPE at 20 MPa and found that the highest polyphenol content (11,561.84 µg/g) was
mainly ellagic acid. Lachos-Perez et al. [82] stated that the extraction of total phenols
from orange peels using SPE (10 MPa and 110–150 ◦C) was a reliable replacement, higher
than conventional solvent extraction methods (31.70 ± 1.46 > 7.75 ± 0.99 mg AG/g DOP).
Madhumeena et al. [83] investigated the SPE method for the extraction of polyphenols
from pineapple wastes, followed by the use of high-performance liquid chromatography
to quantify the total phenol content (2.365 mg/g GAE) and ferulic acid (0.7697/100 g).
Lau et al. [84] extracted lutein (3.81 ± 0.02, mg/kg DW) and carotenoids (177.29 ± 4.35,
mg/kg DW) from corn kernels using subcritical fluids, and found that the lutein level
was twice of the conventional extraction, and the carotenoid level was three times of the
conventional extraction.

Table 3. Sustainable extraction technology of bioactive substances and application in food.

Bioactivator Extraction Method and Parameters Novel Food Ingredients

Polysaccharide

Gold kiwifruit (Actinidia
chinensis)

EAE (25 ◦C for 30 min with Celluclast
1.5 L, contained a mixture of cellulase,
polygalacturonase, and arabinase with
activities of 50.81, 40.82, and
42.42 nkatals/mL, respectively)

Pectin (4.5% w/w dry matter) [85] Yogurt thickener [86]

Hylocereus polyrhizus peels

UAE (frequency of 132 kHz and power
output of 80 W, 250 rpm with acid
solutions 12 v/w at pH 2, temperature
65 ◦C for 70 min)

Pectin (31.04%, and pectin DE is
56.10%) [87] Potential emerging

prebiotic [86]

Rosa canina peel
UAE (70.0 ◦C for 66 min, water to raw
material ratio was 13 mL/g and
ultrasound power was 230 W)

Polysaccharides (5.16 ± 1.81%) [88]
Fat substitutes in
sugar-free carbonated
drinks

[86]

Mung bean peel UAE (solid–liquid ratio of 1:40, at 77 ◦C,
ultrasonic power of 216 W, for 47 min)

Polysaccharide (extraction rate
was 2.55%) [89] Anti-lipid peroxidation [89]

Banana peels MAE (96% ethanol, 60 ◦C, 102 min, the
liquid-solid ratio of 40% v/w, pH of 2.7)

Pectin yield and DE (14.34% and
63.58%) [90]

Fat replacer in spreads, ice
cream, fruit preparations
for yogurt

[86]

Berry pomace, pumpkin
pulp, and beet pulp

EAE (nitric acid-assisted extraction, 2 h,
62.9%; enzymatic-assisted extraction, 12 h,
75.0%; enzymatic-assisted extraction, 48 h,
89.8%; and nitric acid-assisted extraction,
4 h, 76.5%, respectively)

Galactose polysaccharide
(85.9%, 82.2% and 89.8%,
respectively)

[91] Heat-reversible bakery
glazing, [86]

Satsuma mandarin peel
HHP (using two different solvents, citric
acid and hydrochloric acid, ranged from
15.34% to 18.99%; at 500 MPa for 10 min)

Citric acid as an extractant, yield
of pectin (18.99%) [92] Emulsified meat [86]

Beet HHP (250, 350, and 450 MPa at 40 ◦C for
5 min with/without acid)

Pectin extraction rate
(12.23 ± 0.13%) [93] Edible film [94]

Lemon peel
OHAE (11 V/cm, a solid–liquid ratio of
1:60 g/mL, and a retention time of
120 min)

Pectin yield of 18.51% [95] Unflocculant in acidified
dairy beverages [94]

Protein

Beer residue, coffee
residue, and collard stems MAE (110 ◦C, 10 min and 0.5 M NaOH)

Proteins (yields were 93.7%,
60.3%, and 95.4%, respectively;
and the highest extraction was
14.6 kg protein/100 kg BSG DM)

[96] Nutrient enhancer in
high-protein pasta [97]

Broccoli leaves MAE (80 ± 2 ◦C using an intermittent
microwave device set for 450 Watt)

Crude protein content
(34.40 m/m%) [98] Lower the saturated fatty

acids in fish filets [99]

Oilseed rape stems and
leaves (Brassica napus L.) PEF (20 kV/cm) Protein extraction rate (80%) [100] Increase the protein

content in the beverage [101]

Tips, bases, and sheaths of
bamboo shoots

DES (1:6 ratio of choline chloride to
acetylpropanoic acid) Protein (39.16 ± 1.22 mg/g DW) [102] Plant protein mix of infant

formula [103]
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Table 3. Cont.

Bioactivator Extraction Method and Parameters Novel Food Ingredients

Polyphenol

Orange peels SPE (10 MPa and 110–150 ◦C) DOP (31.70 ± 1.46 AG/g) [82] Colorant of bread and
dough [104]

Pomegranate peel SPE (CO2 , 2.5 h extraction at 40–50 ◦C and
20–30 MPa using 20% of the co-solvent)

TPC (6326 ± 414 mg
GAE/100 g) [105] Natural antioxidants for

freshly cut apples [106]

Papaya leaves UAE (temperature of 62.84 ◦C, 19.98 min
ultrasonication time and 0.2 g/mL) TPC (149.12 mg GAE/g) [107] Flavoring agents in the

beverage [108]

Rye bran UAE (29 min, 66 ◦C, and solid–solvent
ratio of 1:45 g/mL)

TPC (245.74 mg GAE/100 g
DW) [109]

Antioxidants for protein
and oil in chicken
intestines

[110]

Eggplant peels (Birgah,
Black Bell and Black Moon)

UAE (methanol containing 1% TFA,
ultrasonic water bath for 30 min)

5-O-caffeoylquinic acid
(6663 mg CAE kg/DM) [111] Nutrition enhanced

capsules [112]

Eggplant peels

MAE (power, extraction time, liquid–solid
ratio, ethanol concentration, and pH of
solvent were 269.82 W, 7.98 min, 5.01
mL/g, 73.49%, and 3.06%, respectively)

Extraction rate, TPC, TFC, TAC
(3.27%, 1049.84 µg GAE/mL,
130.40 µg QE/mL, 6.99 mg/L,
respectively)

[111] Oat paste coloring agent
and nutrition enhancer [113]

Broccoli leaves MAE (80% methanol, 10 min, and
73.27 ◦C)

TPC (1940.35 ± 0.794 µg
GAE/g DW) [5] Bread seasoning agent [114]

Broccoli stems, leaves, and
florets

MAE (74.54% methanol, 15.9 min, and
74.45 ◦C for broccoli stems; 80% methanol,
10 min, and 73.27 ◦C for broccoli leaves;
and 80% methanol, 18.9 min, and 75 ◦C for
broccoli florets)

TPC of leaves, florets and stems
(1940.35 ± 0.794, 657.062 ± 0.771
and 225.273 ± 0.897 µg GAE/g
DW)

[115] Biological anti-corrosion
coating [116]

Potato pericarp PEF (1 kV/cm and 5 kJ/kg) TPC (1180 mg GAE/kg FW) [117] Bacteriostasis agents in
smoked pork sausages [118]

Cocoa bean shell and
coffee silver skin

PEF (ethanol 50% and E = 1.2 kV/cm,
electric field)

Main methylxanthines
(theobromine and caffeine) and
phenolic compounds
(epigallocatechin and
5-caffeoylquinic acid), increased
by 20% and 21.3%, respectively)

[119] Potential metabolic
prebiotics [120]

Cherry pomace HHP (400 MPa to 500 MPa)

TPC (rose from 39.5% to 61%,
with the final result of
227.51 ± 1.28 mg GAE/100 g
FW)

[121] Nutrient enhancer in
yogurt [122]

Grape skins DES (choline chloride and fructose in a
1.9:1 ratio, with the addition of 30% water)

TPC (100 mg/g dw and
exhibited reduced cytotoxicity) [123] Improving gluten strength

and noodle texture [124]

Dried mint leaves CAP (50 W power for 20 min of plasma
treatment) TPC (292.53 mg GAE/g dw) [125] Natural preservative for

chicken breast meat [126]

Rice and corn bran CAP (220 V, 240 V, and 260 V for a
treatment time ranging from 5 to 30 min)

Concentration of rice bran
(containing vanillin, ferulic acid,
sinapic acid, and chlorogenic
acid) and corn bran (comprising
4-hydroxybenzaldehyde,
p-coumaric acid, sinapic acid,
and ferulic acid), was enhanced

[127] Fresh-cut fruit disinfectant [128]

Carotenoids

Corn kernels

SPE (SCC powder 5 g, extraction pressure
was 350 bars, at 60 ◦C. CO2 was fed into
the extraction vessel at 15 g/min for 1 h,
with 15% ethanol)

Lutein, Zeaxanthin, β-carotene
(3.81 ± 0.02, 8.47 ± 0.09,
177.29 ± 4.35, mg/kg DW,
respectively)

[84] Astaxanthin dietary
supplement capsules [129]

Peels of sweet potato,
tomato, apricot, pumpkin,
peppers, and peach

SPE (CO2 at a flow rate of 15 g/min, the
temperature of 59 ◦C, the pressure of
350 bar, and 15.5% ethanol)

More than 90% w/w, with the
highest extraction rate of
β-carotene, 80–100% w/w

[130] Dough coloring agent [129]

Tomato peels SPE (60 ◦C, CO2 at a flow rate of
2 mL/min, 550 bar for 80 min)

Lycopene (0.86 mg/100 g) and
β-carotene (1.5 mg/100 g) [131] Biodegradable packaging

thin film [132]

Tomato peel
PEF (in a mixture of
hexane–acetone–ethanol with a 50:25:25
ratio, 3–7 kV/cm and 0–300 µs)

Carotenoid extraction rate
increased by 39% compared
with the control

[133] As additives to enhance
the stability of oils [134]

Tomato peels EAE (a second enzymatic treatment using
a protease cocktail)

Lycopene concentration (10%
w/w, DW), increased
20–30 times over untreated
tomato peels

[135] Natural antioxidants for
oils [134]

Papaya peels HHP (with soybean oil as solvent,
400 MPa, 40.5 ◦C, 5 min) Carotenoids (38.0 µg/g DW) [136] Antioxidant of apple juice [137]

Papaya seeds HHP (using a medium concentration of
ethanol at 500 Mpa, for 5–15 min)

Antioxidant extraction
efficiencies (6.49 ± 0.06%), and
when the pressurization time
increased from 5 min to 15 min,
the extraction rate increased
from 9.8% to 20.4%

[138] Shower in shrimp sauce [139]

Flavonoids

Herba Epimedii

DES (L-proline and glycerol, DES–water
ratio of 7:3, v/v, mixed by vortex for 5 min,
followed by ultrasonic extraction at room
temperature for 45 min)

Five main bioactive flavonoids
were within the range of
88.5–107.7%

[140]

Bitter taste inhibitors and
flavor improvements of
traditional Chinese
medicine

[141]

Orange peels UAE (under optimal conditions of 40 ◦C,
150 W and a ratio of 4:1 ethanol–water)

Naringenin and hesperidin
(70.3 mg, 205.2 mg/100 g FW) [142] Bacteriostatic agent of

fermented sausages [12]

Citrus peels SPE (20% ethanol at 20 MPa, 20 ◦C and
supercritical CO2 at 30 MPa, 60 ◦C)

Naringin (35.26, 44.05 and
19.86 mg/g in orange, tangerine
and lemon peel extracts,
respectively)

[143]

Antioxidants and
bacteriostatic agents in
minced chicken meat and
apple juice

[144]

Citrus peels
MAE (70% aqueous ethanol solution,
microwave power used in the process was
1 kW at 2.45 GHz at 140 ◦C for 8 min)

Hesperidin, and extraction
efficiency (47.7 mg/g, 86.8%) [145]

Nutrient enhancer in soy
bread, reducing prostate
cancer risk factor

[146]
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Romano et al. [143] used supercritical CO2 to extract bioactive compounds from citrus
peels and observed that the best yields were obtained when 20% ethanol (20 MPa, 20 ◦C)
and supercritical CO2 (30 MPa, 60 ◦C) were used as co-solvents for the extraction and
the extracts contained the highest amount of naringin. And results showed an extraction
dose of 35.26, 44.05, and 19.86 mg/g in orange, tangerine, and lemon peel extracts, respec-
tively. It was proven that the use of supercritical CO2 and ethanol mixtures as solvents
improves the extraction efficiency and uses fewer organic solvents. Similarly, the recovery
of carotenoids from 15 kinds of carotenoid-rich FVW using liquid CO2 at a flow rate of
15 g/min, temperature of 59 ◦C, pressure of 350 bar, and 15.5% ethanol as a co-solvent
showed that most samples recovered more than 90% w/w of total carotenoids. And the
compounds with the highest extraction rate were β-carotene (80–100% w/w) [130]. Pelli-
cano et al. [131] extracted carotenoid from tomato peels (550 bar, 80 min), obtaining 79% of
the maximum oil yield. The resulting extract primarily contained lycopene (0.86 mg/100 g)
and β-carotene (1.5 mg/100 g).

Most of the research on SPE has been focused on the laboratory level and less on
industrialization. The complexity of SPE equipment, high investment and operating costs,
as well as the use of high pressure are challenges to be overcome for the implementation of
SPE at the industrial level. Due to low polarity of CO2, the extraction is limited to most
non-polar compounds, not applicable to the extraction of sugar. It is difficult to realize the
large-scale production of plant polysaccharides. To overcome this limitation, a low toxicity
and low dose of chemical modifiers can be added to enhance the polarity, such as ethanol,
methanol, water, and acetone [147].

4.2. Ultrasound-Assisted Extraction (UAE)

Ultrasound is a special type of sound wave ranging from 20 kHz to 100 MHz that
is capable of generating high-frequency ultrasonic energy by utilizing the cavitation pro-
cess [148]. Ultrasound-assisted extraction relies heavily on high-frequency energy, which
results in the rapid disruption of the cell wall to accelerate heat and mass transfer, thus it is
effective in reducing mucus retention of the target constituents, resulting in high extraction
rates [149]. Ultrasound has been used to extract molecules and a variety of biological
materials including polysaccharides, essential oils, proteins, peptides, dyes, pigments, and
bioactive compounds [150].

Corbin et al. [151] used alkaline hydrolysis of flaxseed using 0.2 N sodium hydroxide
followed by extraction at 25 ◦C and a 30 kHz ultrasound frequency for 60 min to obtain
the maximum amount of hydroxycinnamic acid glucosides and flavonols. Wani and
Uppalur [107] optimized the process parameters for the extraction of functional substances
from papaya leaves by UAE. It was found that the extraction temperature of 62.84 ◦C,
19.98 min ultrasonication time, and 0.2 g/mL sampling amount led to the highest yield
of total phenols (149.12 mg GAE/g), which was six times higher than the conventional
hot water extraction (28.61 mg GAE/g). Similarly, Iftikhar et al. [109] optimized the UAE
conditions for polyphenols from rye bran using response surface methodology, and it
was found that the highest extraction efficiency of total phenols (245.74 mg GAE/100 g
DW) was achieved at 29 min, 66 ◦C, and solid–solvent ratio of 1:45 g/mL. UAE led to a
significant increase in the extraction of total phenolic and flavonoid contents compared
with the conventional extraction method. Khan et al. [142] noticed that the extraction of
flavonoids from orange peel using ethanol as a solvent (naringenin: 70.3 mg and hesperidin:
205.2 mg/100 g FW) under optimal conditions of 40 ◦C, 150 W and a ratio of 4:1 (ethanol–
water). Mauro et al. [111] extracted anthocyanins from eggplant peels using ultrasound-
assisted and methanol containing 1% TFA, with the highest extraction concentration of
1461 mg/kg DM.
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Wang et al. [152] utilized ultrasound to extract polysaccharides from Rosa canina
peel and obtained the highest yield of 5.16% ± 1.81% when the extraction temperature
was 70.0 ◦C, extraction time was 66 min, water-to-raw material ratio was 13 mL/g and
ultrasound power was 230 W. Similarly, the extraction rate of mung bean peel polysac-
charide was 2.55% under the conditions of a solid–liquid ratio of 1:40, temperature of
77 ◦C, ultrasonic power of 216 W, and time of 47 min. An in vitro study revealed that
the polysaccharide obtained from the extraction had a significant scavenging effect on
hydroxyl radicals and enhanced the anti-lipid peroxidation capacity [89]. Phomurugan
et al. [153] revealed that UAE resulted in a higher yield (8.9%) of pectin from sunflower
heads. The same results can be seen in the extraction of pectin from other fruit peels.
Guandalini et al. [154] used 50% ethanol and UAE to obtain pectin from phenolic extraction
residues and rehydrated mango peels, and the UAE increased yields by 53% (from 5.6% to
8.6%) when compared to the conventional extraction method. Freitas de Oliveira et al. [155]
optimized the process parameters for the UAE of pectin from passion fruit peel and showed
that ultrasound power intensity and temperature of 664 W/cm2 and 85 ◦C, respectively,
resulted in the highest yield (12.67%) but the smallest GalA content and DE value. The
extraction rate was increased by 1.6 times during UAE compared to conventional extraction.

The low selectivity of UAE leads to complex purification requirements; high power
affects physical effects and equilibrium and generates excessive heat, and power decreases
with time and is difficult to distribute uniformly in the vessel. Therefore, it is not easy to
apply this technology on a pilot or industrial scale. Cavitation effects are more pronounced
in the area around the ultrasound probe, so the installation of the ultrasound probe and
the stirrer should be well designed in large industrial chambers. More in-depth probe
designs and parameter optimization make it possible to further expand the industrialization
of UAE.

4.3. Microwave-Assisted Extraction (MAE)

Microwave-assisted extraction is a method of extracting phytochemicals using mi-
crowave energies from 300 MHz to 300 GHz [156]. It is based on the direct transfer of
microwave energy to the material through the interaction of the molecules with the elec-
tromagnetic field and thus the direct fragment of the plant cells, and further increases the
efficiency of separation of the functional components from the cells [157].

MAE was used to extract polyphenols from pomegranate peel with the highest extrac-
tion efficiency of 376 mg GAE/g DW [158]. A similar study had compared the efficacy of
novel non-thermal methods such as ultrasonic- and microwave-assisted extraction with the
conventional maceration process for the extraction of polyphenols from olive leaves. And
MAE resulted in the highest extraction yield and shorter extraction time [159]. MAE was
used to extract polyphenols from eggplant peel waste. It was found that higher microwave
power and lower ethanol concentration and liquid–solid ratio resulted in higher extraction
rates and an increase in total anthocyanin, phenolic, and flavonoid contents. It was also
revealed that the max predicted extraction rate (3.27%) was obtained when the power,
extraction time, liquid–solid ratio, ethanol concentration, and solvent pH were 269.82 W,
7.98 min, 5.01 mL/g, 73.49%, and 3.06%, respectively [160]. Rodríguez García et al. [115]
optimized the MAE parameters for the extraction of polyphenols from broccoli, and the
optimal MAE conditions for broccoli leaves were 80% methanol, 10 min, and 73.27 ◦C, while
the highest total phenol content of broccoli leaves was 1940.35 ± 0.794 µg GAE/g DW.

Hesperidin was isolated from citrus peels with MAE, and 70% aqueous ethanol
solution was used as the extraction solvent, which resulted in a max extraction efficiency
of 86.8% (47.7 mg/g), which was superior to that of the conventional extraction method
(13.1 mg/g). The microwave power used in the process was 1 kW at 2.45 GHz at 140 ◦C for
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8 min [145]. Ho et al. [161] utilized ethyl acetate as a solvent for the extraction of lycopene
(13.592 mg/100 g) from tomato peels with the assistance of microwaves (ratio 1:20 w/v;
400 watts; 60 s) and found that it significantly improved the recovery of all-trans lycopene.

In addition, cell wall fragmentation is more favorable for the extraction of macro-
molecules such as polysaccharides and proteins from FVW. Pectin was extracted from
banana peels using 96% ethanol, and it was found that when the optimal extraction con-
ditions were 60 ◦C and 102 min, with a liquid–solid ratio of 40% (v/w) and pH of 2.7, the
maximum yields of pectin and DE were 14.34% and 63.58%, respectively [90]. Similar
results were verified in protein extraction. Barrios et al. [96] used MAE to extract proteins
from beer residue, coffee residue, and collard stems, with maximum yields of 93.7%, 60.3%,
and 95.4%, respectively. MAE significantly increased the dry matter and crude protein
content of broccoli leaves up to 34.40 m/m% [98].

At the industrialized level, instruments and equipment for MAE are more expensive
and more difficult to operate than some of the emerging technologies [162]. In addition,
the need for additional clean-up steps, restriction of polar solvent application, and thermal
effects due to microwaves that may lead to decomposition of thermosensitive and oxygen-
sensitive compounds are major limitations to the further commercialization of MAE. Other
MAE methods such as nitrogen-protected, ultrasonic, high-pressure, and vacuum MAE,
which are rarely used for phytochemical extraction, should be investigated in the future and
are expected to serve as a breakthrough point for the industrial application of MAE [163].
In view of the obvious advantages of MAE, the combination of MAE with other extraction
techniques should be vigorously optimized in order to improve selectivity.

4.4. Enzyme-Assisted Extraction (EAE)

Enzyme-assisted extraction is dependent on operating conditions and environmental
factors. Under suitable pH and temperature conditions, its active site is able to bind to the
plant cell wall, leading to a change in the shape of the enzyme to maximize the interaction.
In this interaction, breaks in the cell wall bond are produced, which release the active
ingredient [164]. In the EAE process, a variety of carbohydrate hydrolases such as cellulase,
trypsin, xylanase, amylase, papain, pectinase, and hemicellulase are widely used [165].

The most common method for obtaining bioactive peptides is enzymatic hydrolysis
because of its rapidity and specificity and the possibility of generating peptides of a specific
reproducible molecular weight and composition [166]. In addition, it is possible to extract
functional constituents with a specific efficacy due to the different molecular weights and
compositions of the peptides. When amaranth seed hydrolysates are obtained by trypsin
or alkaline enzyme digestion, the products have a strong inhibitory effect on angiotensin
I-converting enzyme, thus having the ability to lower blood pressure [167]. Similarly, a
peptide was obtained from apricot waste using alcalase by García et al. [168]. Conversely,
a very high antioxidant activity was observed for the amaranth peptides produced by
combining alcalase and flavourzyme in the hydrolysis process [169].

Enzymatic hydrolysis has also been widely used in the extraction of polyphenols and
polysaccharides, especially as a pretreatment step, which can greatly improve extraction
efficiency. Enzymes were used to extract polyphenols and polysaccharides from mangos-
teen peels. At the optimal conditions, the addition of enzymes generated phenolics of
104–111 mg (GAE/g DW) and much higher polysaccharides (32.86%) [170]. Enzymatic
hydrolysis was used to extract lycopene from tomato peels. An improvement in lycopene
concentration (10% w/w, DW) was obtained by a second enzymatic treatment. Moreover,
a second enzymatic treatment was conducted using a protease cocktail, which increased
lycopene content 20–30 times over that of untreated tomato peels [135]. Babbar et al. [91]
reported that in the EAE of berry pomace, pumpkin pulp, and beet pulp extraction, the
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highest extraction efficiencies of galactose polysaccharide were 85.9%, 82.2%, and 89.8%,
respectively, under suitable conditions.

For EAE technology, a great deal of research has been focused on the laboratory level.
The feasibility of EAE application on an industrial scale is low because the enzyme is
severely limited by environmental conditions [171]. The use of EAE as a pretreatment can
be explored in conjunction with other extraction techniques, thereby increasing selectivity
and decreasing isolation difficulty.

4.5. Pulsed Electric Field-Assisted Extraction (PEFAE)

Pulsed electric fields are capable of utilizing an electric field energy of moderate
intensity (0.5–10 kV/cm) and relatively low energy (1–20 kJ/kg) applied in the form of
multiple repetitions of short-duration voltage pulses (usually from a few microseconds
to 1 millisecond) [172]. The principle is to enhance the electroporation effect of electric
field plant tissue pairs to produce a mass transfer phenomenon, where the electric po-
tential passes through the cell membrane and separates molecules based on their charge,
creating pores in the membrane and thereby disrupting the plant cells and increasing the
permeability of functional factors. This provides help for cellular chemical extraction.

Frontuto et al. [117] reported that pretreatment with the PEF at 1 kV/cm and 5 kJ/kg
was sufficient to achieve a high level of potato pericarp tissue permeability, which re-
sulted in the improved recovery of phenolic compounds during conventional extraction,
with a total phenol content of 1180 mg GAE/kg FW. With conditions of 50% ethanol and
E = 1.2 kV/cm, the electric field was proven to have the strength to extract the total phe-
nolics in a cocoa bean shell and coffee silver skin and quantify the main methylxanthines
(theobromine and caffeine) and phenolic compounds (epigallocatechin and 5-caffeoylquinic
acid) present in the samples. The results showed that the PEF parameters for each matrix
increased the extractability of bioactive compounds in the samples by 20% and 21.3%,
respectively, compared with conventional extraction [119].

Several similar studies suggest that the PEF was most significant in the extraction of
anthocyanins. Maza et al. used a PEF to extract polyphenols from grape skins (E = 4 kV/cm
and U = 4 kJ/kg) and found that the PEF significantly reduced (25–37%) maceration time
and considerably increased color intensity, anthocyanins, and total phenolic content [173].
PEF markedly increased (27%) the yield of total curcumin in turmeric with a condition of
E = 2 kV/cm and U = 3.5 kJ/kg. And it was found that the yield further increased with
higher specific energy input (14 kJ/kg) [174]. Luengo et al. [133] investigated the effect of
pulsed electric fields of different intensities (3–7 kV/cm and 0–300 µs) on the extraction of
carotenoids from tomato peel, and the PEF treatment of 5 kV/cm increased the carotenoid
extraction rate by 39%. They further investigated the use of the PEF for betaine extraction
from beet and reported that the highest betaine extraction of 775 µg/g was obtained at a
75 µs 4 kV/cm pulse treatment [175].

Yu et al. [100] investigated the PEF of proteins from oilseed rape stems and leaves,
which was mainly dependent on the electric field strength of the plant and the growth
stage. Specific parameters leading to tissue damage were observed at 800 V/cm and up to
80% protein extraction was achieved at 20 kV/cm.

Limitations of PEFAE include a lower effectiveness due to gas bubbles, reversibility
due to membrane alteration, and the efficiency of the method being dependent on the
electrode gap and electric field strength. Some studies have shown that applying the electric
field at room temperature is not sufficient, so the temperature can be increased by using
pulsed ohmic heating through ionic motion in a series [176]. The results obtained in the
pilot unit are very promising for scale-ups, and it appears that up to 2500 tons/day of sugar
beet and sugar cane flowers can be processed using current technology [177].
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4.6. High Hydrostatic Pressure-Assisted Extraction (HHPAE)

High hydrostatic pressure technology utilizes pressure, typically operating at pressures
between 100 and 1000 MPa, to alter the chemical bonding of the cellular structure, increasing
mass transfer rates and cell permeability, allowing solvent diffusion, and increasing the
diffusion of secondary metabolites in response to phase transitions [93]. This technology
was initially used in the food sector to inactivate microorganisms and enhance food shelf-
life [178]. In addition to food preservation, HHP has been shown to have the ability to
increase the extraction efficiency of bioactive compounds and reduce processing time.
Pressurized foods treated with HHP have shown higher levels of functional compounds
such as phenols [179].

In a study on cactus leaves, it was demonstrated that the application of HHP at
100 MPa for 5 min helped to release phenolics attached to the cell wall and betaine in the
cell vesicles through cell wall rupture modification [180]. Morata et al. [181] extracted
anthocyanins from grape pomace using HHP, and the results showed that HHP treatments
of 10 min at 200, 400, or 550 MPa did not differ in the amount of anthocyanins extracted,
suggesting that the mechanical effect of HHP in anthocyanin extraction was already max-
imized at the lowest pressure (200 MPa). In contrast to the findings of Morata, Okur
et al. [121] conducted several parallel experiments on different techniques for polyphenol
extraction from tart cherry pomace. It was found that when the HHP treatment pressure
was increased from 400 MPa to 500 MPa, the amount of extracted phenolics rose from 39.5%
to 61%, with the final result of 227.51 ± 1.28 mg GAE/100 g FW.

HHP is also widely used in pectin extraction. The yields of pectin from Satsuma
mandarin peel using two different solvents (citric acid and hydrochloric acid) ranged from
15.34% to 18.99% under a HHP treatment condition of 500 MPa for 10 min, and the results
proved that using citric acid as an extractant at high hydrostatic pressure significantly
increased the yield of pectin [92]. Different conditions (250, 350, and 450 MPa at 40 ◦C for
5 min with/without acid) of HHPE were investigated in the extraction of beet pulp pectin
and compared with conventional pectin extraction; the extraction rate of HHPE doubled
(12.23 ± 0.13%) [93].

Solvent selection and pressure conditions are important factors affecting extraction
efficiency. Lara et al. [136] reported a process technology for the preparation of carotenoids
from papaya peels using HHPAE with soybean oil as solvent. The results showed that
under the optimum conditions of 400 MPa, 40.5 ◦C, and 5 min, a yield of carotenoids of
38.0 µg/g DW was produced. And they analyzed the composition of carotenoids in the
extract, which consisted mainly of lycopene, carotenoids, cryptoxanthin, and lutein esters.
Similar results were obtained in a study on papaya seeds, which noted that using a medium
concentration of ethanol at 500 Mpa enabled the achievement of high antioxidant extraction
efficiencies in a short period of time (6.49 ± 0.06%), and when the pressurization time
increased from 5 min to 15 min, the extraction rate increased from 9.8% to 20.4% [138].

The advantage of HPE is the possibility of mixing different solvents with different
polarities, which allows for the extraction of different compounds as well as the control of
the amount of impurities present in the final extract [182]. It is important to ensure process
uniformity and homogeneous temperature distribution during HHP processing. Large
HHP food processing plants are ideal for the food industry and there is already industrial
use of HHP sterilization, so the industrial application of HHP green extraction technology
can be achieved after further parameter optimization.

4.7. Ohmic Heating-Assisted Extraction (OHAE)

In contrast to pulsed electric fields or high-voltage electrical discharge, the key dis-
tinction of ohmic heating-assisted extraction lies in the thermal properties, which allow



Foods 2025, 14, 331 16 of 32

for a wide range of waveforms and frequencies, typically sinusoidal, spanning from Hz to
kHz, as well as the presence of alternating medium to low electric fields, potentially below
0.1 kV/cm [183]. Ohmic heating, in comparison with other thermal processes, is a uniform,
rapid, and efficient electrical heating method. Its principle involves the generation of heat
due to the resistance of the medium and the object itself when an alternating current passes
through the object. Due to the superior electrode–liquid contact, ohmic heating facilitates
uniform heat distribution [184]. In addition, because of the effect of the electric field,
ohmic heating has additional non-thermal effects, such as electroporation, thus having a
smaller impact on the structure, nutrition, or sensory characteristics of food compared with
traditional thermal processing technologies, and it can achieve higher extraction efficiency.

Pectin extraction is an important application scenario for OHAE. Çilingir et al. [95]
optimized the extraction process of lemon peel pectin using OHAE, and it was determined
that under a voltage gradient of 11 V/cm, a solid–liquid ratio of 1:60 g/mL, and a retention
time of 120 min, the highest extraction efficiency was achieved with a pectin yield of 18.51%.
Pectin was extracted from orange waste using OHAE, and a study showed that temperature
is the most important factor. The best extraction conditions for high-quality ohmic heating
(high DE and galacturonic acid) pectin are a voltage gradient of 15 V/cm, a temperature
of 90 ◦C, and a duration of 30 min [185]. In addition, OHAE also involves the extraction
of small molecules such as polyphenols, betaine, and anthocyanins. El Darra et al. [186]
extracted polyphenols from red grape pomace and revealed that the extraction rate of
the grape pomace pretreated with OH (400 V/cm) increased by 36% compared to that of
traditional methods. OHAE is also an effective process for extracting polyphenols from
tomato by-products, with a recovery rate 58% higher than that of the control sample. For
lipophilic compounds such as lycopene and β-carotene, OHAE allows their extraction from
tomato by-products without the addition of organic solvents. However, their extraction
yields are lower compared to those of traditional methods and require further optimization
of the extraction process [187]. The concentration of phenolic compounds and antioxidant
efficacy extracted from wheat bran using OHAE are the highest, and the obtained wheat
bran extract can be used as a potential substitute for synthetic antioxidants [188]. Cabas and
Icier [189] utilized OHAE to extract betacyanins and betaxanthins from sugar beets under
varying solvent and electric field conditions. When using aqueous and ethanol extraction
media, OHAE yielded higher amounts of lutein than traditional solvent extraction methods,
and the optimal yields for betacyanins and betaxanthins were achieved at a voltage gradient
of 17 V/cm and a frequency of 400 Hz. OHAE has also demonstrated its effectiveness in
the extraction of anthocyanins from grape skin, with the total anthocyanin content in water
extracts increasing significantly [183].

OHAE can be synergistically integrated with other extraction methods to substan-
tially improve extraction yields. Nikoomanesh et al. [190] combined ohmic heating with
ultrasonic and microwave techniques, and their study showed that extracts obtained us-
ing ohmic heating combined with ultrasound (US-OH) from burdock (Arctium lappa L.)
exhibited significantly higher antioxidant activity than those obtained by other methods.

High implementation costs and lack of technical characterization of the method are
among major drawbacks of OHAE, and a more significant challenge to adopting this
technology on an industrial scale is the optimization and control of key parameters for each
food material [191]. The choice of electrode material and design poses a major challenge to
the durability of the equipment. Electrochemical reactions between the electrode and the
food material can lead to electrode corrosion. Therefore, further optimization of electrode
materials is a direction for development of OHAE.
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4.8. Deep Eutectic Solvent-Assisted Extraction (DESAE)

Serving as alternatives to conventional organic solvents, sustainable solvents such as
diethyl carbonate (DEC), 2-methyltetrahydrofuran (2-MeTHF), ionic liquids (IL), ethyl
lactate, natural deep eutectic solvents (NADESs), and deep eutectic solvents (DESs)
have been increasingly applied in the extraction of phytochemicals [192]. Among these,
DES and NADES have emerged in recent years among the leading solvents for green
extraction processes.

DESs or NADESs are mixtures obtained by blending a hydrogen bond acceptor such
as quaternary ammonium salts or metal salts with simple hydrogen donors like alcohols,
acids, amines, and amides [187]. Hydrogen bonding occurs between halide anions and
the hydrogen donor components, creating a hydrogen bond network that enhances the
system’s stability and results in distinctive physical properties. DESs can exhibit high
viscosity, with melting points that are substantially lower than those of their individual con-
stituents; even the melting points of certain NADESs can be below room temperature [193].
Moreover, DESs possesses a wide polarity spectrum, significant biological activity, and high
solubility for a diverse array of compounds, which render them suitable for the extraction
of phytochemicals.

A variety of DESs were developed for the extraction of polyphenols and anthocyanins
from grape skins. A study revealed significant differences in extraction efficiency among
DESs of varying solvent types and pH levels. A DES composed of choline chloride and
fructose in a 1.9:1 ratio, with the addition of 30% water, achieved the optimal extraction
rate of 100 mg/g dw and exhibited reduced cytotoxicity [123]. A NADES, which was
formulated with a 1:1 ratio of choline chloride to malic acid, has been demonstrated to
effectively extract anthocyanins from winery waste [194]. DESs demonstrate effective
extraction of flavonoids; a study by Guo et al. revealed that a tailored DES composed of
L-proline and glycerol outperformed methanol in extracting quercetin, kaempferol, and
isorhamnetin from Sophora flavescens [140]. A DES solution prepared with a 1:6 ratio of
choline chloride to acetylpropanoic acid was utilized to extract protein from the tips, bases,
and sheaths of bamboo shoots, yielding 39.16 ± 1.22 mg/g DW, which is significantly
higher than that of the conventional extraction using NaOH solution [102]. DES also
exhibits high extraction efficiency for lipophilic plant compounds and effectively reduces
the use of organic solvents. DESs and NADESs have emerged as promising substitutes for
conventional solvents in the extraction of carotenoids and other natural compounds. Zhang
et al. [195] employed switchable DESs in combination with phenolic antioxidants for the
extraction of β-carotene from millet. Following five cycles of DES usage, the recovery rate
of β-carotene from millet was maintained at 91.01 ± 0.96%, showcasing robust extraction
and recovery performance.

It is important to study the recoverability and reusability of these emerging green
solvents in order to enable industrial scale-ups. Strategies focused on improving extraction
efficiency and solvent recovery or reuse usually involve high operating costs and energy
consumption, and blending DESs with other solvents for extraction may be a possible
solution that should be investigated in the future.

4.9. Cold Atmospheric Pressure Plasma-Assisted Extraction (CAPPAE)

Plasma is characterized as a quasi-neutral ionized gas state that predominantly consists
of air, nitrogen, oxygen, helium, and argon, and is composed of ions, free electrons, atoms,
and molecules in their ground or excited states, possessing a net neutral charge [196].
Plasmas are categorized into thermal and non-thermal plasmas based on whether they
are in thermodynamic equilibrium and the extent of ionization. Non-thermal plasmas,
commonly known as cold plasmas, are employed in the food processing sector due to their
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pronounced antibacterial efficacy against key foodborne pathogens such as Escherichia coli,
Salmonella typhimurium, Staphylococcus aureus, and Listeria monocytogenes [197]. Furthermore,
cold atmospheric pressure plasma (CAP) has been employed in a range of applications,
including food drying, the processing of packaging materials, the functional modification
of food matrices, and the removal of pesticide residues [198]. Research into the use of
CAP for the extraction of phytochemicals has been advancing in recent years. It shows
the capacity to disrupt cell wall structures and enhance surface hydrophilicity, thereby
enhancing extraction efficiency.

Recent studies have demonstrated that the application of CAP as an auxiliary extrac-
tion method can significantly enhance the extraction efficiency and total phenolic content of
polyphenols from FVW. Kashfi et al. [125] utilized 50 W of power for 20 min of plasma treat-
ment on dried mint leaves, and their study revealed that while the CAP treatment induced
a certain degree of color alteration, it considerably augmented the total phenolic content
(292.53 mg GAE/g edw) and antioxidant potential. The combination of CAP pretreatment
with cyclodextrins has been shown to elevate the total phenolic content and antioxidant
potential of Cornus officinalis fruit residue extracts, with a concurrent improvement in the
extraction and bioaccessibility of phenolic compounds during simulated in vitro diges-
tion [199]. A study observed that cold plasma processing markedly increased the content
of individual polyphenols extracted from rice bran (containing vanillin, ferulic acid, sinapic
acid, and chlorogenic acid) and corn bran (comprising 4-hydroxybenzaldehyde, p-coumaric
acid, sinapic acid, and ferulic acid), with the resulting polyphenols exhibiting enhanced
in vitro digestibility, cell viability, and anti-inflammatory properties [127].

Input parameters such as power, voltage, processing duration, gas type, frequency,
and gas flow rate play a pivotal role in the treatment process. Among these, working
gas is a critical component, as it dictates the compounds that undergo activation. CAP
under various gas conditions results in distinct effects on the total phenolic content of
tomato residue. Samples treated with helium and nitrogen plasmas exhibited significantly
enhanced phenolic extraction yields compared to that of the controls, with increases of
8.9% (1.025 ± 0.036 mg GAE/g) and 9.8% (1.033 ± 0.020 mg GAE/g), respectively, whereas
argon plasma treatment did not demonstrate a significant improvement [200].

In addition, CAPPAE can be integrated with other extraction techniques as a pretreat-
ment technique. For example, the integration of CAP with pulsed ultrasound-assisted
extraction technology can be utilized to augment the extraction efficacy of bioactive com-
pounds from Limonia acidissima [201]. In the enzyme-assisted extraction for the recovery of
proteins from soybean meal, the protein extraction yield of the high-temperature soybean
meal after CAP treatment reached 83.26 ± 0.89%, which is significantly higher than 70.03%,
the yield achieved by sole enzymatic hydrolysis [202].

CAP has had some small-scale industrial applications, mainly focused on industrial
sterilization. However, the application of CAP to the extraction of phytochemicals also
comes with some challenges that hinder its applicability. Different generators and gasses
have different effects on extraction efficiency and need to be further explored and se-
lected [203]. Since the current instrument size is mainly used at a laboratory scale and may
not be suitable for industrial operations that require continuous high-volume processing,
upgrading and expanding the size of the instrument should be the main research direction
in the future.

5. Fruit and Vegetable Residues as Novel Food Ingredients
The phenolic content present in FVW can be identified as a useful resource for food

additives. Bioactive constituents such as carotenoids, phenolic acids, and flavonoids are
commonly found in tomato peel, pumpkin seed peel and rind, papaya peel, and watermelon
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peel. And their presence in fruit wastes offers antioxidant properties that prolong the shelf-
life of the product by delaying the formation of off-flavors and rancidity, and can be used
as natural preservatives and coloring and indicating agents in food applications [204]. The
incorporation of mango peel extract into chicken sausages may be an effective strategy
because it increases thiol content and decreases base content, which helps prevent protein
oxidation [110]. Lycopene from tomato skin can be used as a natural antioxidant for food
products and can effectively reduce browning (browning index: 43.8) and extend shelf-life
up to 9 days [106]. Some bioactive substances derived from plants are also used in the food
industry as flavor enhancers. Vanillin from beet pulp and chlorogenic acid from grape
waste can be used as flavoring agents to provide fruity flavors to food [108]. In addition,
pineapple waste is also one of the sources of ferulic acid and a reliable alternative to food
flavoring agents, which is considered a precursor of aroma compounds such as vanillic
acid and vanillin [62]. Bioactive substances can also be used as additives to improve the
physicochemical properties of foods. Tea polyphenol treatment could cause the aggregation
of protein molecular chains in wheat gluten, thus improving gluten strength and noodle
texture [124]. Pectin can be used as an emulsifier for dairy desserts and mayonnaise
products, and as a fat substitute. A total of 35.58% pectin yield was obtained from novel
source, i.e., Citrus limetta peel waste, by optimizing the ultrasound-assisted extraction
process. Cookies prepared with the extract successfully replaced 30% of butter and had
the most acceptable organoleptic score and physicochemical properties [205]. Cookies
with 10 and 20% partially defatted tomato seed flour as a fat replacer were found to
be more preferable and acceptable in terms of sensory characteristics and other quality
characteristics [206]. Moreover, dietary fibers are also important additives in the food
industry to increase the fiber content and to improve the polyphenols’ shelf-life, hydration,
antioxidant properties, and stability of the products. Dietary fibers extracted from FVW
have been successfully added to the preparation of bakery products such as cookies, cakes,
breads, and muffins [207].

Bioactive substances extracted from FVW can also be used as nutrient enhancers
with the potential to produce nutraceuticals and functional foods. Polyphenols extracted
from green coffee beans as prebiotics have been incorporated into the formulations of
probiotic yogurt successfully, providing high maintenance of the probiotic counts in the
product [122]. The addition of grain extract to the biscuit may also serve as a nutritional
booster. The addition of millets (pearl millet, finger millet) could be incorporated even up to
the 40% level, indicating its suitability for obtaining biscuits with much higher nutrition and
overall acceptability without considerably affecting the other quality parameters. Two-fold
increases in protein, three-fold increases in dietary fiber, and a one-fold increase in mineral
content were observed in multigrain biscuits [208]. A study chemically characterized
polyphenolic compounds extracted from mango peels and seeds, then investigated the
anti-obesity effect of the extracts on 3T3-L1 cellular ratings. Both peel and seed extracts
were found to be promising anti-obesity natural compounds by down-regulating the key
adipogenic transcription factor PPARγ and its downstream targets and inhibiting AMPK
activation, thereby inhibiting acetyl coenzyme A-carboxylase and further reducing lipid
accumulation and triacylglycerol content [209]. Aqueous-based extracts from the pea pods
of active molecules were characterized, of which polyphenolic compounds were mainly
represented by 5-caffeoylquinic acid, epicatechin, hesperidin, and catechin. And they were
used to produce two different nutraceutical formulations (acid-resistant capsules and non-
acid-resistant capsules). The extracts yielded an acid-resistant capsule formulation capable
of retaining the active compounds in a simulated gastrointestinal digestive process [112].
Pinho et al. [113] concentrated their research efforts on the extraction of carotenoids from
the skins of guarana berries and encapsulated them using spray drying to enhance their
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stability. The oatmeal paste was supplemented with a 1:2 concentrated ethanol extract-to-
gum arabic ratio. The paste enriched with carotenoid particles displayed reduced viscosity,
and in this encapsulated form, the carotenoids could be added to cooked foods at higher
temperatures, thereby producing stable and beneficial products.

6. Safety of the Reuse of Fruit and Vegetable Residues
While current research on the reuse of FVW in the food industry should continue to

be promoted, we must remain vigilant and open-minded to safety concerns. The potential
presence of anti-nutritional factors and toxins should be the first concern in the evaluation
and utilization of functional ingredients. The use of non-edible parts of plants may expose
consumers to toxins produced by yeasts or fungi, such as aflatoxin B1. There are relevant
studies evaluating the levels of heavy metals, oxalates, saponins, and cyanogenic glycosides
in banana peels, concluding that their concentrations do not constitute a health hazard [210].
Another serious problem that may limit the reuse of many seeds (apricots, peaches, apples,
cherries, plums, lemons, and almonds) is toxic hydrolyzed derivatives of bitter amygdalin
(benzaldehyde and cyanide), which necessitates the establishment of a detoxification
procedure prior to mandatory use [211]. In addition, the presence of pesticide residues
should be assessed. Industrial and homemade washing procedures have been shown
to significantly reduce levels of some pesticides, although they are not as effective for
others [212]. Finally, potential allergens, such as peach skin and mango skin, should be
evaluated. Due to the more specific origin and nature of these ingredients and the potential
risk of sensitization, accurate and clear labeling may be challenging. Exaggeration, misuse,
or improper narration of functional ingredients are also issues that need to be addressed.
Therefore, there is a need to strengthen the review and regulation of labeling contents to
ensure their truthfulness and accuracy. In terms of food regulations, novel food ingredients
need to be authorized before they are allowed to be put on the market. Novel foods that
have received authorization are specified in the Commission Implementing Regulation (EU)
2017/2470 of 20 December 2017 establishing the Union list of novel foods in accordance
with the Regulation (EU) 2015/2283 of the European Parliament and of the Council on
novel foods. The food included in the list may be placed on the market, if the conditions
of use, specific labeling requirements, specifications, and other requirements indicated
therein are complied with [213]. China’s latest Administrative Measures for the Safety
Review of New Food Ingredients, revised in 2017, mentions ingredients isolated from
animals, plants, and microorganisms as being under the regulation. Food ingredients that
have no traditional consumption habits in China can be declared as new food ingredients
after safety review. After review, they can be used in food production and management.
The review process requires the issuance of a food safety assessment report and on-site
verification of the production process. One of the problems to be faced is the clarification
of the relevant standards to be implemented for new food ingredients, including safety
requirements, quality specifications, and test methods, which is usually difficult. The
introduction of more detailed standards should be the direction of the development of
plant extracts as new food ingredients.

7. Limitations and Extensibility from the Laboratory to Industrial
Production

As mentioned above, the industrialization of green extraction technologies creates
some obstacles due to the disadvantages of different sustainable technologies in terms of
instrument size, equipment selection, capital costs, energy consumption, and parameter
optimization. The separation and purification of bioactive compounds can be very complex
and may render the whole extraction process inefficient. Another obstacle to the effective



Foods 2025, 14, 331 21 of 32

utilization of sustainable extraction technologies is the difficulty of obtaining extracts that
meet Good Manufacturing Practice (GMP) quality requirements, which hinders their use in
final consumer products.

In response to these limitations, higher-quality parameter optimization models, such
as artificial neural network modeling, will be applied to industrial design [214]. Enhanced
understanding and the optimization of extraction conditions can improve extraction ef-
ficiency while reducing energy consumption and saving money. Pilot-scale studies are
necessary to determine the best technology based on the cost-effectiveness of producing
commercially viable extracts. Advances in nanocarrier and embedding technologies can
better expand the use of extraction products in the food industry [215].

Sustainable extraction techniques in combination with each other can improve ex-
traction efficiency and reduce costs. The most widely used green extraction technologies
are MAE and UAE because of their maturity and multiple advantages. The synergistic
approach of these two technologies with other novel extraction techniques can achieve high
extraction efficiency and analyte selectivity. Short extraction times and moderate extraction
temperatures can be achieved, helping to minimize possible thermal degradation problems.

8. Conclusions
In recent years, emerging food ingredients have become a new trend in the food

industry due to the surge in demand for health and environmental protection. More
studies are focusing on the reuse of functional ingredients from FVW. However, for the
wide variety of FVW, it is necessary to analyze the functional components contained in a
specific and detailed manner. In addition, the optimization of the whole process, from raw
material selection to extraction method application, should be the focus of attention. Many
attempts have been made to produce bioactive compounds from FVW. Whereas novel
extraction methods are able to extract active ingredients from fruit and vegetable wastes in
a more economical, rapid, efficient and environmentally friendly manner. Till now, yield
improvements have been shown in the use of ultrasound-, microwave-, supercritical fluid-,
pulsed electric field-, or enzyme-assisted extraction. The survey of extraction techniques
for phytochemicals in fruit and vegetable residues compiled by searching the relevant
literature through VOSviewer at Web of Science is presented in Figure 2.

The application of FVW extracts as novel food ingredients needs to be further explored.
The current industrial application of the extracts is mainly focused on food packaging,
while few applications at the level of food ingredients have been reported. Therefore, the
future fruit and vegetable waste reuse industry can be gathered towards the raw material
part. At the application level, the safety of fruit and vegetable waste extracts as new food
ingredients also needs to be evaluated to assess whether the process can be scaled up
harmlessly. As mentioned above, only a few studies have explored this area so far, and the
gaps in determining the toxicity of each extract in terms of antinutritional factors, allergens,
and pesticide residues need to be filled.

In conclusion, the extraction of functional ingredients from fruit and vegetable wastes
has the potential to generate new value-added products for food ingredients and production.
In turn, this review may help to reduce food waste and waste management and promote a
circular economy.
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Abbreviations

FVW Fruit and vegetable waste
FAO Food and Agriculture Organization
SDGs Sustainable Development Goals
CAE Catechin equivalent
DW Dry weight
FW Fresh weight
SCFAs Short-chain fatty acids
DF Dietary fiber
SPS Soybean polysaccharides
GalA Galacturonic acid
DE Degree of esterification
BPs Bioactive peptides
GAE Gallic acid equivalent
TPC Total phenolic content
TFC Total flavonoid content
QE/mL Quercetin equivalent per milliliter
TAC Total antioxidant capacity
DM Dry matter
TFA Trifluoroacetic acid
DEC Diethyl carbonate
2-MeTHF 2-methyltetrahydrofuran
GMP Good Manufacturing Practice
IL Ionic liquids
NADES Natural Deep Eutectic Solvents
DES Deep Eutectic Solvents
SPE Supercritical fluid extraction
UAE Ultrasound-assisted extraction
MAE Microwave-assisted extraction
EAE Enzyme-assisted extraction
PEFAE Pulsed electric field-assisted extraction
HHPAE High hydrostatic pressure-assisted extraction
OHAE Ohmic heating-assisted extraction
DESAE Deep eutectic solvent-assisted extraction
CAPPAE Cold atmospheric pressure plasma-assisted extraction
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