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Abstract
The phytonutrient extract helps in the development and manufacturing of nutraceuticals and food additives. Some of these 
secondary metabolites, such as polyphenol, anthocyanins, carotenoids, flavonoids, phytosterols, terpenoids, and others, are 
extracted from plants. These phytonutrients provide many health benefits like prevention and treatment of a variety of diseases 
such as cardiovascular disease, neurological disorders, atherosclerosis, certain cancers, and diabetes. Traditional extraction 
methods such as Soxhlet, maceration, decoction, percolation and infusions are still used, but significant improvements can 
be made by using novel or greener extraction methods, including accelerated solvent extraction, microwave-assisted extrac-
tion, ultrasound-assisted extraction, supercritical fluid extraction, and enzyme-assisted extraction. Once extracted, these 
phytonutrients can be utilised in the cosmetic, nutraceuticals, pharmaceutical, or food industries, with the later focusing on 
improving food quality. This article aims to provide a comprehensive overview of the various techniques used in the extrac-
tion and isolation of phytonutrients. Additionally, this article describes the advantages, disadvantages, practical examples, 
and a comparative study of these processes.
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Abbreviations
MAE  Microwave assisted extraction
SFE  Supercritical fluid extraction
UAE  Ultrasound assisted extraction
CSE  Conventional solvent extraction
SE  Soxhlet extraction

SC-CO2  Supercritical carbon dioxide
ME  Maceration extraction
MP  Microwave power
W  Watt
SE  Soxhlet Extraction
CS  Co-solvent
UP  Ultrasonic power
RE  Reflux extraction
S/F  Solvent-to-feed ratio
F  Frequency
Tc  Critical temperature
Rpm  Revolutions per minute
RFX  Reflux temperature extraction
Ar  Aryl
NL  Neolignans
TPC  Total phenolic content
TFC  Total flavonoid contents
RSM  Response surface methodology
BBD  Box–Behnken Design
GC-FID  Gas chromatography coupled 

with flame-ionization detection
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UHPLC–QTOF/MS  Ultra-high-performance liquid–
chromatography coupled with 
quadrupole time of-flight mass 
spectrometry

HPLC–ESI-QTOF-MS  High performance liquid chro-
matography coupled to electro-
spray quadrupole-time of flight 
mass spectrometry

GC  Gas–liquid chromatograph
ORAC   Oxygen radical absorbance 

capacity
MTT  3-[4,5-Dimethylthiazol-2-yl]-

2,5-diphenyltetrazolium bromide
SEM  Scanning electron microscope
DPPH  2,2-Diphenyl-1-picrylhydrazyl
HPLC  High performance liquid 

chromatography
FTIR  Fourier transform infrared 

spectroscopy
HPLC-DAD  High performance liquid chro-

matography with diode-array 
detection

GCMS  Gas-chromatography coupled 
with mass spectrometry

ABTS  2,2-Azinobis (3-ethyl-benzothia-
zoline-6-sulfonic acid)

FRAP  Ferric reducing antioxidant 
power

TLC  Thin layer chromatography
LC–MS  Liquid chromatography and 

mass spectrometry
LC–MS/MS  Liquid chromatography/tandem 

mass spectrometry

Introduction

Phytonutrients are phytochemicals (from the Greek word 
“phyto”, meaning plant) or secondary metabolites present 
in plant-based foods and have nutritional value, and their 
biological activities help in providing various good health 
benefits and prevention of diseases for humans than those 
attributed to micronutrients and macronutrients [1]. In gen-
eral, the plant chemicals that protect plant cells from dam-
age and diseases caused by environmental hazards such as 
pathogenic attacks, droughts, pollution, UV exposure, stress, 
and drought are called phytochemicals.

These phytochemicals also contribute to color, flavor, and 
aroma [2]. According to epidemiological recommendations, 
phytonutrient intake is advised since it has been employed in 
pharmaceutics and has a positive influence on the healthcare 
due to its antioxidant, anticancer, anti-inflammatory, and 
other properties. Food bioactive such as polyphenolics and 

phenolics have high antioxidant activity [3, 4]. According to 
the WHO, approximately 21,000 plant species are capable of 
being used as traditional medicines, and 80 percent of people 
worldwide rely on herbal medicines for some of their basic 
health care needs. Plant pharmaceuticals are estimated to 
make up to 25% of total drugs in developed nations, while 
they account for up to 80% in rapidly developing nations 
like India and China [5]. The bioactive compounds that are 
produced by the biological system are typically divided into 
primary metabolites (chemical substances like sugar, amino 
acids, fatty acids, protein, and lipids) vital for growth and 
development, and polyphenols, glycosides, quinones, ter-
penoids, saponins, allicin, flavonoids, and scopolamine are 
the secondary metabolites that have antimicrobial properties 
since their use is increasing rapidly for the management of 
diseases [6, 7]. Natural bioactive compounds are essential 
in the development of novel drugs. According to research, 
fruits and vegetables have antiplatelet activity, which may 
impact the development of CVD [8].

The extraction and purification of phytonutrients are the 
most significant processing stages in the production of phy-
tonutrient compounds. Various solvents are employed in the 
extraction procedure, depending on the target compound 
and solvent toxicity. Novel technologies for extracting phy-
tonutrients from plants, which include microwave-assisted 
extraction (MAE), ultrasound-assisted extraction (UAE), 
accelerated solvent extraction (ASE), enzyme-assisted 
extraction (EAE), and supercritical fluid extraction (SFE), 
have been developed to fulfill the increasing demand for 
nutraceuticals. These methods shorten extraction times, uti-
lize less solvent, and improve extraction efficiency. Many 
advanced and effective extraction methods have been devel-
oped in recent years to overcome the limitations of conven-
tional extraction methods. These techniques have benefits 
over traditional methods, such as shorter extraction times 
and lower solvent volumes with higher extraction yields. 
These new techniques are also known as “Green Extraction” 
methods [9].

Phenolic compounds (PCs)

Phenolics are a group of chemical compounds occurring 
in all plants in variable amounts as bioactive compounds. 
As a result, the three types of PCs are those that have 
(a) a single benzene ring  (C6), (b) a  C6–Cn class, or (c) a 
more complex skeleton, the  C6–Cn–C6 class (Table 1). In 
their structure, all PCs have at least one aromatic ring and 
one hydroxyl group [10, 11]. PCs derived from plants can 
be monomeric or polymeric. Flavonoids subtypes are the 
most prevalent monomeric compounds, whereas hydroxy-
cinnamic and hydroxybenzoic acids are non-flavonoids. 
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Polymeric PCs are derived from phenolic acids (gallotan-
nins and ellagitannins) and flavan-3-ols (proanthocyani-
dins) [12].

Flavonoids

Flavonoids have the phenyl chromanone structure  C15 
 (C6–C3–C6). Flavonoids have a phenyl benzopyran skel-
eton with two chromane rings joined by a heterocyclic 
pyran ring at  C2 and isoflavonoids have a phenyl benzo-
pyran skeleton with two chromane rings connected by a 
heterocyclic pyran ring at  C3 [13, 14]. Another important 
flavonoid is kaempferol, which is derived from kalanchoe. 
Flavonoids occur in nearly all species of plants, accounting 
for almost two-thirds of dietary PCs. Flavanone, flavonol, 
isoflavone, flavone and anthocyanin are the subclasses of 
flavonoids (Fig. 1). Golden berry, waxy barley, Draco-
cephalun kotschyi, Lippia citriodora, Moringa oleifera 
leaves, grape skin (Tintilla de Rota), apple (Molus domes-
tica) roots, and black rice (Oryza sativa cv. Poireton) husk 
[14, 15].

Flavonoid compounds help in the development of dif-
ferent pharmacological activities. These compounds have 
also attracted the interest of extraction because they possess 
antioxidant, anti-inflammatory, antibacterial, anticancer, 
and antiviral effects [16–18]. When these compounds are 
added to food products, they help in preventing fat oxida-
tion, protecting enzymes and vitamins, and also colour and 
aroma [19].

Isoflavones

These are the subclass of flavonoids and have a similar struc-
ture to estrogen. Isoflavones or phytoestrogens help in the 
prevention of atherosclerosis, heart diseases, and cancer 
[18]. Isoflavones are produced by Fabaceae species.

Anthocyanins

Anthocyanins possess the characteristic  C6C3C6 carbon 
skeleton (Fig. 2). Anthocyanins are the natural pigments 
that give plants their red, violet, orange, purple, blue, 
and magenta colors, whereas betalain is made up of yel-
low–orange betaxanthin and red–violet betacyanin [20]. The 
anthocyanin can be extracted from many different plant spe-
cies, including red radish (Raphanus sativus) root, rhubarb 
(Rheum rhaponticum) stem, blackcurrant (Ribes nigrum), 
cranberry (Vaccinium common), purple corn (Zea mays), 
grape (Vitis spp.), and red onions (Alium cepa). Temper-
ature, pH, oxygen, and light are the factors that influence 
anthocyanin stability and cold.

Besides, these pigments have shown therapeutic or 
medicinal properties such as antioxidant or antilipoperoxi-
dant activity [21, 22], anti-inflammatory activity [23], anti-
convulsant activity [24], the ability to lower serum choles-
terol [25] and serum lipid levels [26], and the ability to act 
as chemoprotective in certain cancer therapies [27].

Polyphenols (tannins)

Tannins are sometimes referred to as polyphenols. Tan-
nins are a heterogeneous group of water-soluble polyphe-
nolic chemicals found in plants, foods, and beverages, their 
molecular weights range from 500 to 3000 Da and up to 20 
hydroxyl groups. Complex, hydrolyzable, proanthocyanins, 
or condensed, and phlorotannins are types of tannin [28] 
(Fig. 3). They are biogenetically derived from two major bio-
synthetic pathways: the shikimate pathway and the acetate 
pathway [29, 30]. Tannin may be derived from a variety of 
plants including Rhizophora apiculate, Limonium delicatu-
lum, pomegranate (Punica granatum L.), persimmon (Dio-
spyros kaki L.), Vaccinium vitis-idaea L., green tea (Camel-
lia sinensis), and sericea lespedeza (Lespedeza cuneata), etc.

They are beneficial for the treatment of diabetes, diarrhea, 
accelerated blood clotting, and bleeding gums. They also 

Table 1  Some common 
phenolic compounds

S. Nos Class Carbon chain Example

1 Simple C6 Catechol, hydroquinone, and phloroglucinol
C6Cn

 2 C6C1 Phenolic acid, phenolic aldehydes
 3 C6C2 Phenylacetic acid, acetophenones, phenethyl alcohol derivatives
 4 C6C3 Hydroxycinnamic acids, phenylpropenes, coumarins, chromones
 5 C6C4 Naphthoquinones
C6CnC6

 6 C6C1C6 Xanthonoids
 7 C6C2C6 Stilbenes, anthraquinones
 8 C6C3C6 Flavonoids
 9 C6C7C6 Diarylheptanoids (curcuminoids)
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reduce blood pressure and skin injuries. Tannin has antitu-
mor [31], antimutagenic, antinutrient effect, diabetes melli-
tus, anticarcinogenic properties, antioxidant properties [32], 
antimicrobial activity, and antiplasmodial [31–35].

Lignans and neolignans

Lignan and neolignans are secondary metabolites and a 
large group of dimeric phenylpropanoids as ββ′-dimers of 
phenylpropane  (C6C3) unit. Furofuran, furan, dibenzylbu-
tyrolactol, aryltetralin, dibenzylbutyrolactone, arylnaph-
thalene, dibenzylbutane, and dibenzocyclooctadiene are 

Flavonol (3-hydroxy-2-phenyl-1-benzopyran-4-one)       

Isoflavone (3-phenylchromen-4-one) 

Flavone (2-phenylchromen-4-one)

Flavanone (2-phenylchromane-3,4-dione) 

Fig. 1  Chemical structure of subclasses of flavonoids

Fig. 2  Anthocyanins (2-phenylchromenylium)

(–)-gallocatechin or (2S,3R)-flavan-3,3',4',5,5',7-hexol 

(-)-Epigallocatechin or (-)-3,3',4',5,5',7-Flavanhexol 

Hydrolysable tannin 

Gallic acid or 3,4,5-Trihydroxybenzoic acid 

Phlorotannin 

Phloroglucinol or benzene-1,3,5-triol 

Fig. 3  Different types of tannin chemical structures
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the 8 subgroups of lignans while neolignans consist of 
15 subtypes (NL) [36] (Fig. 4a, b). Dihydrobenzofuran 
neolignans, podophyllotoxin, 1-arylnaphthalene lignans, 
and naphthalenic lignans are some examples of lignans 
and neolignans used as lead compounds. Their main eco-
nomic sources include Podophyllum peltatum L., Virola 
surinamensis, Podophyllum emodi, Linum album, Linum 
usitatissimum, Linum bienne, Anthriscus sylvestris L., 
Linum linearifolium L., Linum setaceum Brot. [37–39]. 
Lignan possesses various biological activities, including 
antitumor, antiangiogenic, antiviral, antifungal, hypolipi-
demic, and antirheumatic agents [37].

Phytosterols

Plant sterols, also known as phytosterols, are bioactive 
compounds derived from plants that have a 1,2-cyclo-
pentanophenanthrene (5α- or 5β-gonane) carbon skeleton 
with methyl substituents at C-10 and C-13 and an alkyl 
substituent (side-chain) at C-17 [40, 41]. Nonconjugated 
free sterols and conjugated glycosylated such as steryl 
esters, acylated steryl glycosides, and steryl glycosides are 
examples of phytosterols [42]. Phytosterols found in plants 
include stigmasterol, 5-avenasterol, -sitosterol, and camp-
esterol (Fig. 5). They are distinguished from cholesterol 

Fig. 4  a Subtypes of lignans [36]. b Subtypes of neolignans [36]



1322 B. Khongthaw et al.

1 3

by the presence of an alkyl group at C-24. Grape seeds, 
caraway, roselle seeds, sea buckthorn seeds, anise, white 
mustard, nutmeg seeds, rapeseed, tomato seeds, corn, ses-
ame, coriander, oat, peanut, pumpkin seeds, goldenberry 
pomace, and lotus bee pollen can all be used to extract 
phytosterols [43].

They are anti-polymerization properties [44], antioxi-
dant activity [45], anti-inflammatory [46], anticancer [47], 

reduction in blood cholesterol levels, obesity, immunity-
stimulating properties, anti-osteoarthritis [48, 49].

Terpenoids

Terpenoids are the most abundant secondary metabolite 
group. Terpenoids, also referred to as isoprenoids, are 
formed by combining two or more isoprene molecules (a 
five-carbon unit, chemically known as 2-methyl-1,3-buta-
diene) and are classified in terms of  C10-units (Table 2). 
Terpenoids possess a broad range of biological activities 
anticancer activity [50], anti-inflammatory [51], antimicro-
bial activity, antinociceptive effects, and antifoaming and 
carminative activity [52].

Limonoids (tetranortriterpenoids)

Limonoids are a class of highly oxygenated modified trit-
erpenoids with a diverse range of biological activities. 
Although restricted occurrences in the plant kingdom, 
these compounds are found extensively in the Meliaceae 
and Rutaceae families. Limonoids are of great interest in 
science given that the small number of plant families where 
they occur exhibit a broad range of medicinal properties that 
promote health and prevent diseases [53]. Limonoids com-
prise a large class of  C26 degraded triterpenes, as opposed to 
intact triterpenes which possess thirty carbon atoms  (C30H48) 
derived from six isoprene  (C5H8) units [54] (Fig. 6).

Besides their health-promoting effects, various 
limonoids have been shown to possess antioxidative, 

Stigmasterol or (22E)-stigmasta-5,22-dien-3beta-ol          

Campesterol or campest-5-en-3beta-ol 

Fig. 5  Chemical structure of stigmasterol and campesterol

Table 2  Classification of terpenoids

Classification No. of 
isoprene 
units

No. of 
carbon 
atoms

Source

Hemiterpenoids  (C5H8) 1 5 Scenecio mikanioides Walp, Valerian (Valeriana officinalis L.), lovage (Levis-
ticum officinale Koch), Archangelica officinalis Hoffm., and Schoenocaulon 
officinale

Monoterpenoids  (C10H16) 2 10 Lemongrass oil (Cymbopogon flexuosus), coriander essential oil (Coriandrum 
sativum L.), orange (Citrus sinensis L.), lemon (Citrus limon L.), mandarin 
(Citrus reticulata Blanco)

Sesquiterpenoids  C15H24 3 15 Euphrasia officinalis L., Euphrasia rostkoviana Hayne, Plantago lanceolata L., 
and Gentiana lutea L

Diterpenoids  C20H32 4 20 Pine tree (Pinus sylvestris L.), common sage (Salvia officinalis L.), rosemary 
(Rosmarinus officinalis L.), Stevia rebaudiana Bert., and Ginkgo biloba L

Sesterterpenoids  C25H40 5 25 Leucosceptrum canum Sm., upland cotton (Gossypium hirsutum L.), and Genti-
anella nitida (Griseb.)

Triterpenoids  C30H48 6 30 Olea europaea L., Taraxacum officinale, lotus (Nelumbo nucifera), and bilberry 
(Vaccinum myrtillus L.)

Tetraterpenoids (carotenoids)  C40H64 8 40 Tomato (Solanum lycopersicum L.), marigold (Calendula officinalis L.), carrot 
(Daucus carota L.), paprica (Capsicum annuum L.), and meadow saffron 
(Crocus sativus L.)

Polyterpenoids  (C5H8)n  > 8 40 Rubber tree (Hevea brasiliensis Mull.), Palaquium gutta (Hook.), and Manilkara 
bidentata



1323A comparison of conventional and novel phytonutrient extraction techniques from various sources…

1 3

anti-inflammatory, immunomodulatory, insecticidal, 
antiviral, anti-hyperglycaemic activities, neuroprotective, 
anti-obesity, antitumor and anti-bacteria [55]. Limonoids 
are widely distributed in many Citrus fruits such as lime 
(Citrus aurantiifolia), pummelo (Citrus maxima), sweet 
orange (Citrus sinensis), lemon (Citrus limon), grape-
fruit (Citrus paradisi) and sour orange (Citrus aurantium) 
[56]. The antioxidant properties of the main component 
of the genus Citrus, limonene, may be useful to prevent 
neuronal suffering induced by Aβ1–42 oligomers, prevent-
ing the hyperactivity of  KV3.4 [56].

Carotenoids

Carotenoids are naturally occurring pigments (red, yel-
low, and orange) that are divided into two main categories 
depending on their function: xanthophylls, which include 
lutein and zeaxanthin, and carotenes, which also include 
(α-carotene, β-carotene, and lycopene) [57] (Fig. 7). The 
main sources of carotenoids include tomato (Solanum 
lycopersicum), carrot (Daucus carota), corn (Zea mays), 
citrus fruits, watermelon (Citrullus lanatus), peas, and 
saffron, pumpkins (Cucurbita pepo). Zeaxanthin and 
lutein possess antioxidant properties [58]. Epidemiologi-
cal studies suggest that the consumption of rich carot-
enoids helps in eye health [59, 60], cognitive performance 
[61, 62], cardiovascular health [63–65], cancer prevention 
[66–68], and infant nutrition [69, 70].

Phenolic acids

Phenolic acids are comprised of two large classes: hydroxy-
cinnamic acid (or cinnamic acid derivatives) and hydroxy-
benzoic acid (or benzoic acid derivatives) [71] (Fig. 8). 
The hydroxybenzoic acid and hydroxycinnamates deriva-
tives are mostly found in plants as glucosides (or esters). 
Hydroxycinnamic acid derivatives are mainly represented 
with hydroxy carboxylic acids or glucose as malic acid, tar-
taric acid, α-hydroxy-hydrocaffeic acid, hydroxycitric acid, 
gluconic acid, tartronic acid, galactaric acid, glucaric acid, 
and 4-methoxyaldaric acid. Benzoic acid derivatives occur 
mostly in three forms: p-hydroxybenzoic, vanillic, and pro-
tocatechuic acid derivatives [72]. According to Naczk and 
Shahidi [73], phenolic acids are phenylpropanoid and cin-
namic acid derivatives.

The primary sources of phenolic acid include are Vitis 
rotundifolia, rapeseed (Brassica napus), Vitis labrusca, 

Fig. 6  Chemical structures of limonoid compound

Fig. 7  Chemical structure of lycopene

Cinnamic acid                            

Benzoic acid 

Fig. 8  Chemical structure of phenolic acid
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linseed (L. usitatissimum), pepper (Piper nigrum), sun-
flower fruits (Helianthus annuus), small radish (R. sativus), 
sweet cherries (Bigarreau Napoleon), yellow mustard seed 
(Sinapis alba), Dendropanax morbifera, Cinnamomum 
cassia (Chinese cinnamon) Panax ginseng, grapes, orange, 
carrot, caraway, and pineapple stems. They possess various 
biological activities like antimicrobial activity [74], antifun-
gal activity [75, 76], anticancer activity [77], antiplasmodial 
activity [78], neurological activity [79], antidiabetic activity, 
antioxidant activity [80, 81] and anti-inflammatory activity 
[82, 83].

Glucosinolates

Glucosinolates are common anionic and sulfur-rich plant 
secondary metabolites found in the Brassica genus [84]. The 
highest quantities of dietary isothiocyanates are found in 
cruciferous vegetables. 2-Propenyl (allyl), indole-3-methyl, 
4-methylsulfinylbutyl (sulforaphane), 3-methylsulfinyl-
propyl, 3-butenyl, and 2-hydroxyl-3-butenyl are some of 
the most significant isothiocyanates found in the Brassica 
genus [85]. Field mustard (Brassica rapa), broccoli (Bras-
sica oleracea var. italica), maca (Lepidium meyenii), canola 
(B. napus L.), cabbage (Brassica oleracea var. capitata), 
cauliflower (Brassica oleracea var. botrytis), mustard green 
(Brassica junicea), turnip (Brassica rapa ssp. rapa), kale 
(Brassica oleracea var. acephala), and Brussels sprout 
(Brassica oleracea var. gemmifera). The chemical structure 
of glucosinolates and isothiocyanates is determined by the 
molecular structure of the sidechains of the glucone moi-
ety and the aglucone sidechain. This decides whether the 
glucosinolates are aromatic (Sinigrin), aliphatic (Glucobras-
sicin), or indole (Gluconasturtiin) [86] (Fig. 9).

They possess various health benefits like antioxidant 
activity [87–89], anticancer activity [90, 91], anti-inflamma-
tory activity [92, 93], and other activities [94–96] (Table 3).

Technological methods for extraction 
of phytonutrients from different plant 
sources

The initial step in acquiring bioactive phytonutrients from 
plant sources is extraction. The right extraction solvent, as 
well as parameters such as temperature, exposure times, 
solid–liquid ratio, and so on, are critical for extracting and 
isolating phytonutrients from a complex and wide variety of 
substances. Traditional methods, as well as non-conventional 
methods, are being used to extract plant phytonutrients. Tra-
ditional extraction methods include SE, ME, decoction, and 
infusions, whereas newer or greener extraction methods 
include ASE, EAE, MAE, and SFE. In addition, some of 

the principles and mechanisms of traditional methods are 
explained.

Conventional/traditional extraction methodologies 
for phytonutrients

Maceration

Maceration is one of the simplest extraction methods and 
involves heat transfer (conduction and convection). Macera-
tion is a commonly used process for isolating nonvolatile 
plant compounds for use in the pharma industry [106]. The 
plant materials are mixed or soaked with the solvent in a jar 
with regular agitation and allowed to stand at room tempera-
ture for 2–5 days in these methods. This process softens and 

Sinigrin (allylglucosinolate) 

Glucobrassicin (3-Indolylmethyl glucosinolate) 

Gluconasturtiin (2-phenylethylglucosinolate) 

Fig. 9  Chemical structure of glucosinolates
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breaks down the plant cell walls, causing the phytonutri-
ents to be liberated. The mixture materials are then pressed, 
filtered, or centrifuged at the end of the operation. If the 
plant material is too small to be filtered, centrifugation is 
frequently required. The remaining plant matter is repeatedly 
extracted using new solvents to achieve complete extraction 
[107]. Maceration has some limitations such as long dura-
tion time, extended concentration steps, and large volumes 
of hazardous solvents [108]. When the extraction was car-
ried out by macerating with 50% acetone for 30 min. As a 
result, maceration proved to be the most effective method 
for extracting flavonoids [109]. The extraction of orientoside 
and luteolin from Cajanus cajan leaves [110]. The macera-
tion extracted from Arbutus unedo L. fruits was discovered 
to be the most successful approach capable of generating 
catechin under optimal extraction conditions [111].

Infusions

The term “infusion” is mainly used for the preparation 
of dilute solutions of readily soluble phytonutrients from 
crude drugs. Infusion is a simple chemical process used to 
extract plant material that is volatile and dissolves readily 
or releases its active ingredients easily in organic solvents 
[112]. Infusion uses the same principle as maceration; in this 
method, plant materials are prepared by macerating them for 
a short period in a specific volume of cold or boiling water 
(e.g., 1:4 or 1:6, for 15 min) and then filtering them through 
a filter or filter paper. The maceration time for infusion is, 
however, shorter. The liquid may then be separated and con-
centrated under a vacuum using a rotary evaporator [108]. 
The plant material is ground into a fine powder, placed in a 
glass container, and either a hot or cold extraction solvent 
is applied on top of the material for a few minutes before 
being left alone. This method is particularly effective for 
obtaining readily soluble secondary metabolites [113]. Infu-
sion finds its application in tea preparation and consumption 
prescribed for psychophysical asthenia, diarrhea, bronchitis, 
asthma, etc. In tropical Africa, the infusion of the bark of 
Prunus africana (pygeum) is taken orally to increase the 
ease of urination and reduce inflammation and cholesterol 
deposits [114]. Ethanolic extraction from Carapa guianensis 
leaves [115].

Decoction

The decoction technique entails either boiling the plant sam-
ples for a short period of time or pouring hot water over the 
plant samples and leaving the combination to stand for a 
period of time [107]. Decoction operates on the same con-
cept as maceration. In this method, the plant materials are 
boiled in a certain volume of water (e.g., 1:4 or 1:20) for 
a set period. The concentrated extract is then cooled and 

filtered. This method is best for extracting water-soluble, as 
well as heat-stable components as well as hard plant materi-
als. The main drawbacks are that it takes time, and that the 
extraction is incomplete. This method is commonly utilized 
in the production of Ayurvedic extracts known as “quath” 
or “kawath” [108]. In phytotherapy, the decoction is used 
when the components are more difficult to extract from plant 
parts such as roots, rhizomes, bark, etc. [116]. Methanol 
and aqueous extracts were extracted from Ocimum sanctum 
leaves. [117].

Percolation

Percolation is the process by which the active principles 
are extracted from plants using a solvent in countercurrent. 
Percolation consists of three steps: wetting and soaking the 
raw material, followed by percolating the extractant. Wet-
ting is carried out for 4–5 h using half or an equal amount 
of extractant. During soaking, the raw material swells and 
opens up more for extractant penetration. In addition, within 
the raw-material cells, a concentrated solution of extracted 
compounds is formed. The soaking stage then begins and 
lasts 24–48 h. Similar to maceration, this process has extrac-
tion efficiency. After soaking, percolation begins at 1/48 of 
the percolator volume per hour, with continued passing of 
extractant over the raw material at the same rate. Percola-
tion is more efficient than maceration because the internal 
diffusion rate remains high due to the percolating extractant 
[116]. The technique has been used for isolating a variety of 
polyphenolics from food matrices [118]. The extraction of 
fucoxanthin from dried Undaria pinnatifida using percola-
tion extraction and the refluxing method was compared. The 
purity of fucoxanthin extracted by percolation was higher 
than that extracted by refluxing [119]. Percolation tech-
nique uses the extraction rates of sinomenine and ephedrine 
hydrochloride as the index and involves soaking the drug 
in 70% ethanol for 24 h before percolating with 20 time 
the amount of 70% ethanol. The transfer rates for sonome-
nine and ephedrine hydrochlorides were 78.23 and 76.92%, 
respectively [120].

Soxhlet extraction

Soxhlet extraction is a common conventional method used 
for extracting heat-stable compounds. Soxhlet extraction, 
also known as continuous extraction, is a technique used to 
separate compounds from solid materials. Soxhlet is vital 
equipment used in pharmacognosy and the extraction of 
phytonutrients and pharmacological bioactive compounds. 
The Soxhlet apparatus is made up of four major components: 
a round bottom flask, a drug chamber, a vapor, a siphon 
tube, a condenser unit, and a water pipe [121] (Fig. 10). 
Plant samples are placed in a thimble-holder or porous bag 
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(mainly of cellulose) and filled with condensed non-polar 
solvents (hexane, ether, and petroleum ether) to the distilla-
tion flask in the Soxhlet apparatus or hot continuous extrac-
tion. The solvents vaporize into the thimble and condense 
into the condenser when heated. When the level of solvent is 
raised sufficiently, it flows to the round bottom flask through 
a siphon tube, and this process is repeated until the solvent 
is concentrated [122].

When compared to maceration or percolation, the SE 
method is a continuous automated extraction process with 
high extraction efficiency that consumes less time and sol-
vent. The advantage of this method is that it can extract sig-
nificant amounts of drugs with a considerably less amount 
of solvent. This is extremely resource-efficient in terms of 
time, effort, and consequently financial inputs [124]. SE is 
suitable for both preliminary and bulk extraction. Andro-
grapholide and deoxyandrographolide were extracted from 
the leaves of Andrographis paniculata using a solid–liquid 

extraction method [125]. The high temperature and longer 
extraction duration of the SE will enhance the probability 
of thermal (Table 4).

Novel technique extraction methodologies 
for phytonutrient

Ultrasounds assisted extraction or sonication

Ultrasound is a mechanical or ultrasonic wave where the fre-
quency wave ranges from 20 to 100 MHz, and the ultrasound 
frequency ranges 20 GHz to 10 MHz. The two frequencies 
are diagnostic and power ultrasound. Diagnostic ultrasounds 
can also be called high frequency (2 MHz to 10 MHz where 
I < 1   cm−2), whereas power ultrasound is low-frequency 
ultrasound (20 MHz to 100 MHz where I > 1 W/cm2) [6]. 
Ultrasound causes acoustic cavitation by increasing the sur-
face contact between solvents and samples and increasing 
the permeability of cell walls. A negative pressure is applied 
during the rarefaction phase, creating a void in the liquid. 
When the bubbles reach a critical point and collapse, this is 
referred to as compression (temperature 5000 K and pressure 
5000 atm) [6, 9, 126, 127].

There are various possibilities for ultrasound extraction 
enhancement, including cell wall breakdown, increased pen-
etration and swelling, hydration mechanisms, and others. 
The intensity of ultrasound lowers intermolecular forces, 
causing the molecular structure to break down [128]. This is 
known as cavitation, and it involves the production, growth, 
and collapse of bubbles. Cell membranes are disrupted by 
the eruption of bubbles, enabling extractable compounds 
to be discharged. It also enhances solvent penetration and 
mass transfer into cellular materials and finally releases 
the desired compound into the solvents [129]. However, 
it was also suggested that high power intensity could have 
the opposite effect, resulting in a decrease in phytonutrient 
yields. This is due to high bubble volume concentrations, 

condenser 

Siphon 

Electrical heat source 

Distillation flask 

Thimble 

Fig. 10  Conventional Soxhlet apparatus [123]

Table 4  Soxhlet extraction method

Raw material Extract phytonutrients Application or possible use Analysis References

Citrus sinensis L. peels The total phenolic, flavonoid, and 
tannin content

Antimicrobial activity Spectrophotometer [172]

Vernonia cinerea Total phenolic and total flavonoid Antioxidant activity Spectrophotometer, DPPH, 
ABTS, LC-Q-TOF, FTIR

[173]

Pinus radiata bark Total phenols and tannin content Antiradical capacity Spectrophotometer, SEM [174]
Spearmint leaves (Mentha spicata 

L.)
Flavonoid’s content Antioxidant activity HPLC [139]

Artocarpus heterophyllus fruit 
waste

Total phenolic and flavonoid 
content

Antioxidant activity DPPH, FRAP, TOF-LCMS [175]

Aspen (Populus tremula) Flavonoid’s content Antioxidant and anti-estro-
genic activity

GC-FID, GC–MS, HPLC–
UV, and HPLC–MS

[176]

Impatiens glandulifera L Phenolic acids content Antioxidant activity LC-ESI–MS/MS, DPPH [177]
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which reduce cavitation activity; the “saturation effect,” 
caused by a large number of cavitation bubbles surrounding 
the probe tip; bubble deformation and non-spherical col-
lapse; and reduced yield, which may be caused by ultrasonic 
degradation of the extracted phytonutrient [130] (Fig. 11).

In comparison to other modern extraction techniques, 
such as MAE, ultrasonic equipment is less costly and sim-
pler to use, and it can extract a wide range of natural com-
pounds using any solvent. While the main disadvantages are 
the creation of free radicals on viable cells and enzymes, the 
action of 'jet' impact on the surface, the use of high-power 
ultrasound causes damage or rupture of the biological cell 
wall [132, 133] (Table 5).

Supercritical fluids extraction

SFE is termed as “Green Technology”. At its critical point, 
a supercritical fluid has both the physical properties of a gas 
and a liquid. Because SC-CO2 is non-toxic, non-corrosive, 

non-flammable, simple to handle, and operates at low pres-
sure and room temperature. This technique with the help of 
two parameters, i.e., pressure and  CO2 destroys microorgan-
isms without affecting the nutritional contents and organo-
leptic attributes [134]. Because of its excellent extraction 
yields, short reduction time, and use of minimal volumes 
of solvent, SFE is widely used in the extraction of bioactive 
chemicals from natural sources. Carbon dioxide, ethylene, 
nitrogen, xenon or fluorocarbon, and methane are the most 
common solvents employed in the extraction process [135]. 
SC-CO2 is the most often utilized solvent since it is simple 
to handle and use (low pressure and room temperature).  CO2 
is inexpensive, widely available, and generally regarded as 
safe, GRAS [136]. Raising the pressure can increase solubil-
ity, whilst increasing the temperature reduces the SC-CO2 
density. The solvent–solute and solute–solute interactions 
influence the solubility of compounds in SC-CO2. Non-
polar solutes can solubilize SC-CO2 at high pressure at 
low density, but at high density, less volatile solutes are 

Release of 
desired 

phytonutrient 
into solvents

Increase the 
penetra�on of 

solvent into 
cellular 

materials

Disrup�on of 
cell membrane

Leading to the 
forma�on of 
cavi�es and 
collapse of 
bubbles in 

liquid

Ultrasound 
wave created 
mechanical 

energy by high 
frequency

Fig. 11  Mechanisms of UAE method [131]

Table 5  Ultrasound-assisted extraction method

Raw material Extract phytonutrient Application or possible uses Analysis References

Rosmarinus officinalis Carnosic and rosmarinic acid 
content

Antioxidant, antimicrobial, 
anti-inflammatory, anti-
cancer properties

HPLC, RSM [178]

Dried clove buds Total phenolic content Antioxidant activity HS-GC/MS, DPPH [158]
Ganoderma lucidum Polysaccharide’s content Antioxidant activity RSM-BBD [179]
Cayenne pepper (Capsicum 

frutescens L.)
Capsaicinoids content Antioxidants, anti-muta-

genic, anti-tumoral, anti-
inflammatory properties

HPLC-fluorescence [180]

Syzygium polyanthum leaves Bioactive compounds Antioxidant properties GC–MS [181]
Grape by-products Anthocyanin’s content Antioxidant properties LC-DAD/ESI–MS, ABTS+ [182]
Hawthorn seed (Crataegus) Flavonoid’s content Antioxidant properties RSM [183]
Apples (Malus × domestica 

Borkh.)
Polyphenol’s content Antioxidant activity HPLC–DAD, spectrophotometer [126]

Rice bran (Tarom) Polyphenol’s content Antioxidative activity Spectrophotometer, FRAP, 
DPPH, RSM

[184]

Allium ursinum Total phenols and flavonoids 
content

Antioxidant activity DPPH, RSM [185]

Pomegranate (Punica granatum 
L.) peel

Phenolic content Antioxidant activity Spectrophotometer, DPPH, and 
FRAP

[186]

Angelica keiskei Flavonoid’s content Antioxidant activity DPPH-RSC, FRAP, RSM [187]
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required [137]. This method entails extracting plant com-
ponents using supercritical  CO2 in a high-pressure tank and 
separating them with a solid phase separator. SFE is a non-
hazardous technique. This extraction is used in a variety of 
sectors, including food, pharmaceuticals, and so on [134, 
138] (Table 6).

The selected raw materials are placed in extractor ves-
sels that are maintained at a consistent temperature and 
pressure during this procedure. The extractor is then filled 
with fluid through the pump. After the fluid and the chemi-
cals have been dissolved, they are separated using a solid 
phase separator. SFE has two stages: extraction (from the 
solid substrate) and separation from the supercritical sol-
vent. First, the solvent is poured into the extraction vessels 
(solvent pump and heat exchange) and uniformly dispersed 
throughout the fixed bed produced by the solid substratum. 

The solvent dissolves with the soluble components during 
the extraction. In the flash tanks, the solute–solvent com-
bination is separated by rapidly lowering the pressure or 
raising the temperature of the fluids. The solvents should be 
cooled by the cooler and recompressed by the compressor 
before being returned to the extractor [133, 139, 140]. The 
SFE apparatus is shown in (Fig. 12).

Microwave‑assisted extraction

MAE uses electromagnetic radiation (transmitted as a wave) 
for the extraction of the phytonutrients at the frequency 
ranges from 300 MHz to 300 GHz. When heat is generated 
by continuous dipole rotation (dielectric heating) and fric-
tional resistance, the extraction of phytonutrients increases. 
MAE instruments are classified into two types: closed vessel 

Table 6  Supercritical fluid extraction method

Raw materials Extract phytonutrients Application or possible uses Analysis References

Grapeseed oil (by-product) Triacylglycerides content Antioxidant activity Spectrophotometer, DPPH, 
GC-FID

[188]

Tomato peel by-product Lycopene and oil content Colorants and antioxidants GC–MS, GC-FID, HPLC [189]
Tomato Lycopene and β-carotene 

content
Antiradical activity, and anti-

oxidant
HPLC, DPPH [190]

Sage (Salvia officinalis L.) Essential oil and lipid content Antioxidant activity GC–MS, DPPH [191]
Grapeseed (Vitis vinifera) Proanthocyanidins content Antioxidant activity Spectrophotometer, DPPH [192]
Grape (Vitis labrusca B.) seeds Phenolic acids content Antioxidant activity Spectrophotometer, DPPH, 

HPLC
[193]

Rosemary (Rosmarinus offici-
nalis)

Essential oil content Antioxidant activity GCMS, ABTS, SEM [194]

Catharanthus roseus L Alkaloid’s content Antineoplastic drugs, vinblas-
tine, and vincristine

HPLC/UV [195]

Grape bagasse Anthocyanin and flavonoid 
content

Antioxidant activity HPLC, TLC [196]

Mentha spicata L. leaves Flavonoid’s content Antioxidant activity HPLC [139]
Grapes (Vitis labrusca B.) peel Anthocyanin’s content Antioxidant activity and radical 

scavenging
Spectrophotometer, DPPH, 

RSM
[136]

CO2 supply 
Cooler 

Pump 

Oven

Extraction cell 

F
lo

w

Metering valve 

Sample 
collection 

Preheater coil 

Fig. 12  Schematic diagram of SFE apparatus [141]
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and open vessel (Fig. 13a) Closed MAEs are utilized for 
extraction at controlled pressure and temperature, whereas 
focused microwave ovens are used for extraction at atmos-
pheric pressure [6, 9, 142].

The various steps of the extraction process are affected 
by the electromagnetic wave.

(a) The process involves penetration (inside the solid or 
plants matrix) and transportation (out of the solid 
matrix),

(b) Solubilization and breakdown,
(c) Separation and discharge of bioactive compounds 

extracted and
(d) Migration of the extracted solutes to the bulk solution.

During microwave extraction, heat is also generated 
via ionic conduction, which occurs when dissolved posi-
tively and negatively charged ions migrate in the direction 
of oppositely charged regions. Since a higher temperature 
raises the diffusion rate, which in turn increases extrac-
tion, heat generation is a key component in the extraction 
process. The solubility of the target phytonutrients in the 
solvent and the dielectric properties of the sample and sol-
vent will also influence the extraction rate and quality of the 
extracted phytonutrients [144]. The mechanisms of MAE 
involve the molecular interactions between the microwave 
field with the solvent-carrying sample present in the extrac-
tion mixtures leading to the absorption of microwave energy 
by the sample without being absorbed by the solvents and 

converted into thermal energy. The heat energy causes vapor 
moisture evaporation due to high vapor pressure, resulting 
in the breakdown of the cell wall matrix and the release of 
phytonutrient or phytochemicals within the material matrix 
into the solution [131, 145] (Fig. 13b).

In comparison to SFE, MAE is a low-cost, simple process 
that is also a powerful innovative approach for nutraceuti-
cal extraction. However, this technique does not adequately 
extract tannins and anthocyanins. MAE has certain disad-
vantages for removing solid particles and when the solvents 
are non-polar or volatile as compared to SFE [133, 146] 
(Table 7).

Accelerated solvent extraction

ASE is a novel extraction technique that employs high tem-
peratures and pressure to accelerate dissolution kinetics and 
break analytical interaction bonds [147]. The ASE method 
involves packing plant samples in the extraction cell with an 
inert material, such as sand, to prevent sample aggregation 
and system tubing blockage [148]. ASE is an efficient form 
of a solid–liquid extraction process performed at increased 
temperature and elevated pressure (50 °C to 200 °C and 10 
to 15 MPa) to keep the solvent at a liquid state (below its 
critical condition) for further extraction processes [133]. For 
extraction of bioactive compounds or phytonutrients by ASE 
method, the mechanisms process are similar to pressurized 
fluid extraction where both are employed the use of solvents 
at high temperatures [149]. At high or elevated temperature 

b

Release of 
desired 

phytochemical 
into solvents

Disrup�on or 
rupture of cell 

wall of matrices 
by high vapor 

pressure

Microwave 
energy is 

absorbed by the 
samples without 
being absorbed 

by solvent

Crea�on of high 
vapor pressure 
causes by quick 

hea�ng

Electromagne�c 
energy is 

converted into 
heat energy 
created by 
microwave 
radia�on

a

Fig. 13  a Schematic diagrams of the closed and open systems [143]. b Mechanism of MAE method [131]
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it accelerated the extraction kinetics and reduces or decrease 
the viscosity so that the solvents can easily penetrate the 
pores of the matrix and at elevated pressure, the pressurized 
solvent increases the solubility with the analytes resulting in 
increased extraction speed [133, 142]. The diagram displays 
both the ASE mechanism and a schematic illustration of the 
PLE system (Fig. 14a, b).

When compared to traditional SE, there is a significant 
reduction in solvent amounts utilized and extraction time, as 
well as a wide variety of applications dealing with acidic and 
alkaline matrices. This automated extraction technology's 
strength resides in its capacity to regulate the temperature 
and pressure of each individual sample layer as well as the 
extraction period [122]. The ASE technique greatly increases 
the extraction of PCs from black sorghum at temperatures 
well over 100 °C using water and ethanol as solvents when 
compared to traditional extractions using the same solvents 
[150]. At present, ASE is considered an alternative approach 
to SFE for the extraction of polar molecules, with the pri-
mary disadvantage being that at high temperatures it causes 
thermolabile substances to degrade [133]. Other advantages 
of ASE include high reproducibility, rapid sample through-
put, and reduced solvent usage (e.g., 50 mL solvent for 20 g 
material) [151] (Table 8). 

Enzyme assisted extraction

The EAE method falls under the category of green extraction 
technologies since it encompasses the advantages of being 
environmentally friendly [152]. EAE technique enhanced 
compound extraction by rupturing the cell wall and cleav-
ing the structural integrity with enzymes such as cellulase, 
hemicellulase, α-amylase, and pectinase [153]. Some phyto-
chemicals in plant cells are bound to cell wall components, 
making them difficult to remove using traditional solvent 
extraction procedures. However, releasing some bound mol-
ecules into the solvent and so increasing the overall yield of 
the desired chemical can be accomplished by pretreating the 
sample with an enzyme [154]. The plant cell wall is broken 
down by enzymatic treatment, the phytonutrient present in 
the cell are easily released into the solvent [155] (Fig. 15).

EAE is affected by operating parameters such as extrac-
tion time, temperature, system pH, enzyme mode of action, 
enzyme loading, and substrate availability [156]. The impor-
tant features of EAE extract of natural plant metabolites are 
reduced extraction time, reduced solvent consumption, and 
higher yield and product quality (Table 9).

The EAE of bioactive compounds from plants has some 
limitations.

Table 7  Microwave-assisted extraction method

Raw material Extract phytonutrient Application or possible uses Analysis References

Barleria lupulina Lindl Polyphenolic content Antioxidant and folklore 
medicine

UHPLC-QTOF/MS, RSM, 
DPPH, ABTS

[197]

Chaya (Cnidoscolus aconitifo-
lius (Mill.) leaves

Phenolic compounds Antioxidant activity LC–MS/MS, DPPH, FRAP [198]

Pomegranate peel Flavonoid content Antioxidant properties and 
folklore medicine

Spectrophotometer, DPPH [199]

Rosemary and thyme leaves Essential oils (EOs) and total 
phenolic content

Antioxidant, anti-inflammatory, 
anticarcinogenic, and antivi-
ral properties

Spectrophotometer, GC–MS [200]

Lotus (Nelumbo nucifera 
Gaertn.)

Alkaloid’s content Food and medicine HPLC-DAD, RSM [201]

Rosmarinus officinalis leaves Flavonoids, phenolic diterpe-
nes, and triterpenes content

Antioxidant activity, anti-
inflammatory, anticarcino-
genic, and antiviral properties

HPLC–ESI–QTOF-MS [202]

Licorice (Glycyrrhiza glabra 
L.)

Phenolic content Free radical scavenging, 
antioxidant properties, and 
medicinal herb

RSM, DPPH [203]

Tomatoes Phenolic content Antioxidant activities Spectrophotometer, HPLC, 
FRAP

[204]

Peanut skins Total phenols and resveratrol 
content

Antioxidant properties HPLC, LC–MS-MS, RSM [205]

Pigeon pea leaves Aninstilbene acid and pinos-
trobin content

Folk medicine RP-HPLC-DAD, RSM [206]

Capsicum fruit Capsaicinoids content Food additives and therapeutic 
benefits

GC [207]

Salvia miltiorrhiza Phenolic acid and tanshinones 
content

Antioxidant properties HPLC, DPPH, FRAP [146]
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a

b

Release of 
desired 

phytochemical 
into solvents

At elevated 
temperatures, it 

enhances the 
diffusivity of the 
solvent, resulting 

in increased 
extraction 

kinitics

Pressure allowed 
the extraction cell 
to be filled faster 
and helped force 
liquid into a solid 

matrix

Extraction is 
carried out under 
pressure and high 

temperature to 
maintain the 

solvent in a liquid 
state (10-15 Mpa 

and 50-200°C)

Fig. 14  a Mechanism of ASE method [131]. b PLE system diagram configurations for developing (A) a static PLE procedure and (B) dynamic 
PLE procedures [149]

Table 8  Accelerated extraction method

Raw material Extract phytonutrient Application or possible uses Analysis References

Garlic (Allium sativum) Phenolics content Antioxidant activities UHPLC–DAD, DPPH, ABTS [208]
Eucalyptus tree species Polyphenolic content Antioxidant properties Spectrophotometer, RSM [209]
Wild nettle (Urtica dioica L.) Polyphenols and pigments 

content
Antioxidant activity HPLC, ORAC [210]

Durian (Durio zibethinus M.) 
leaf

Chemical compounds and 
cytotoxicity content

Antioxidant activity GC–MS, DPPH, MTT [211]

Parkia speciosa pod Pectin, uronic acid content Antioxidant properties Spectrophotometer, SEM, 
DPPH

[212]

Seeds of Lepidium sativum L Polyphenolic content Antimicrobial and cytotoxicity Spectrophotometer, GC/MS, 
DPPH

[213]

Mangifera pajang fruit Antioxidant compound Antioxidant activity RSM, DPPH [214]
Citrus sinensis peels Polyphenol content Antioxidant activity Spectrophotometer, DPPH, 

ORAC, HPLC-DAD
[215]

Carthamus caeruleus L. roots Phenolic content Antioxidant and anti-inflam-
matory properties

Spectrophotometer, DPPH, 
RSM

[216]
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(a) The cost of enzymes is rather high when processing 
large quantities of raw materials.

(b) Current enzyme preparations cannot easily break down 
plant cell walls, limiting component extraction yields 
and

(c) EAE is not viable for industrial use because enzymes 
behave differently and are strictly controlled by envi-
ronmental factors such as dissolved oxygen percentage, 
temperature, and nutrition availability [155, 157].

Comparison between non‑conventional 
extraction and conventional extraction 
method of phytonutrients

Traditional extraction methods such as SE, PE, and ME are 
time-consuming, require enormous bulks of solvents, and, 
in the end, may result in some target molecule degradation 
and fractional volatile loss [158]. Great improvements can 

Release of 
desired 

phytonutrient 
into solvent

Easy contact to 
solvent with 

desired 
compounds

Enhance the 
extrac�on by 
rupturing cell 

wall and cleaving 
the structural 

polysaccharides 
and lipid bodies

Pretreatment of 
samples with 
enzymes i.e., 

cellulase, 
pec�nase, 

hemicellulose, α-
amylase

Fig. 15  Mechanisms of EAE method [131]

Table 9  Enzyme assisted extraction

Raw material Extract phytonutrient Application or possible uses Analysis References

Astragalus membranaceus (yel-
low leader)

Polysaccharide’s content Antioxidant activity Spectrophotometer, DPPH, 
RSM

[217]

Pigeonpea (Cajanus cajan L.) 
leaves

Luteolin and apigenin content Pharmacological properties PAD, RP-HPLC [218]

Eucommia ulmoides leaves Chlorogenic acid content Anti-inflammatory, antimi-
crobial, and antioxidative 
properties

HPLC, SEM [219]

Grape (Vitis vinifera L.) 
pomace

Anthocyanin and phenolic acid 
content

Natural colorants HPLC-DAD [220]

Tomato waste Total carotenoids and lycopene 
content

Antioxidant activity and appli-
cation in food

Spectrophotometer, HPLC [221]

Mulberry (Morus nigra) Total flavonoid content and 
anthocyanin content

Antiaging effects and oriental 
medicine

Spectrophotometer, RSM [222]

Grape skin Flavonoid’s content Anti-inflammatory, antibacte-
rial, antifungal, and antioxi-
dative properties

HPLC, LC–MS [223]

Nitraria tangutorun Bobr. by 
product

Flavonoids and anthocyanins 
content

Antioxidant properties Spectrophotometer, RSM, 
ABTS

[224]

Garlic (Allium sativum) Polysaccharide’s content Antioxidant activity Spectrophotometer, DPPH [225]
Pumpkin (Cucurbita maxima) 

seed oil
Total tocopherols and pheno-

lics contents
Antioxidant activities GC–MS, DPPH, SEM [226]

Undaria pinnatifida Total fucoxanthin and lipids 
content

Antioxidant, anticancer, and 
anti-inflammatory properties

GC, HPLC [227]

Ginkgo biloba leaves Flavonoid’s content Anti-inflammations, anticancer 
properties

Spectrophotometer, TLC, 
HPLC

[228]

Turmeric (Curcuma longa L.) Curcumin content Therapeutic properties HPLC, FTIR, UV–Vis, and 
HNMR

[229]
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be accomplished using non-traditional trials such as super-
critical  CO2 extraction, UAE, EAE and MAE. Traditional 
procedures such as distillation, solvent extraction, and cold 
compression are still utilized, but major advances can be 
made by merging ultrasound and microwave technology 
[159]. Modern green extraction techniques are rapid, suit-
able, inexpensive, sustainable, environmentally friendly, 
and have an overall beneficial influence on climate change 
by minimizing  CO2 emissions and toxic solvent consump-
tion As a result, researchers all around the world are 
attempting to reduce the problems associated with global 
warming by developing more eco-friendly and sustainable 
modern green processes for effective phytonutrient extrac-
tion from plant matrices that meet international regulatory 
criteria [160, 161].

According to the rate constant obtained during the first 
10 min of extraction for carvone and limonene, UAE was 
1.3–2 times faster, than a traditional method [162]. The 
15-min MAE yielded 0.28%  Rg1 and 1.31%  Rb1 under 
150 W microwave power, outperforming the 10-h conven-
tional solvent extraction yielding 0.22%  Rg1 and 0.87%  Rb1 
in 70% water–ethanol [163]. For its prospective applications 
in the nutrition and pharmacological industries, the UAE 
was confirmed as an efficient, green, and sustainable tech-
nology for extracting phenolics from Eucalyptus robusta leaf 
yield of 163.68 + 2.13 mg GAE/g using 250 W for 90 min 
at 60 °C with water [164]. MAE for 5 min extracted more 
flavonoid and phenolic components from Eucalyptus cama-
ldulensis Dehn leaves and anthraquinones from the roots of 
Morinda citrifolia than UAE solvent extraction for 24 h for 
60 min [165]. The TPC of the MAE extract achieved under 
optimal conditions was 24.6–42.36 mg of GAE/g of dry 
material, which was significantly higher than that obtained 
using the conventional method using the same solid-to-sol-
vent ratio (1:30) [166]. UAE is a more effective method than 
the traditional way, although it depends on the solvent and 
temperature used. The effectiveness of PC extraction for all 
solvents is improved by increasing the sonication tempera-
ture. When compared to the traditional approach, only water 
extraction yielded lower levels of phenolic chemicals [167]. 
A 5-min extraction at 50 °C and 800 W yielded a maxi-
mum of chlorogenic acids (8.40%) and caffeine (7.25%), 
which were higher than those obtained after a heat reflux 
extraction at the same condition [168]. In a comparison of 
these two methods, MAE had a better extraction efficiency 
at 15 min (88.298 mg TAE/g) than the maceration method 
at 24 h (69.027 mg TAE/g) of exposure to ethanol extract 
of the Koroneiki variety [169]. MAE of flavonoids from 
Radix astragali yielded a high yield of 1.234–0.031 mg/g, 
which was comparable to Soxhlet (1.292–0.033 mg/g), UAE 
(0.736–0.038), and HRE (0.934–0.021 mg/g) [170]. Using 
MAE reduces process time and solvent consumption while 
enhancing extraction yields. The extraction effectiveness of Ta
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the four approaches varies greatly and follows the sequence 
MAE > RFX > UE > RTE [171] (Table 10).

Conclusion and Future recommendations

This article provides a brief overview of the advancements 
in extraction technologies that are currently being used to 
recover phytonutrients. The demand for green extraction 
techniques and the rising market demand for phytonutrients 
are the main factors driving the continuous rise in the num-
ber of articles discussing the scaling-up of un-conventional 
extraction techniques. Extraction methods for phytonutrients 
have been subjected to a variety of optimization models. The 
traditional extraction methods widely employed for extract-
ing phytonutrients are Soxhlet, percolation, infusion, and 
maceration. However, the traditional methods still have their 
own values, but they have some drawbacks, such as lim-
ited yield recovery, higher extraction solvent consumption, 
longer extraction time, and massive residue accumulation. 
Extraction optimization is necessary to determine optimal 
parameters for the efficient extraction of natural substances 
utilizing innovative extraction technologies. To overcome 
the limitations of conventional techniques, innovative tech-
niques such as MAE, UAE, SC-CO2, EAE, and PLE, etc., 
have been developed.

Recent advancements in non-conventional techniques 
and innovative technology solutions for pilot and indus-
trial applications should drive up interest in this area. As 
a result, for multistep and hyphenated extraction processes 
which are crucial in the development of “zero waste” biore-
fining processes some future issues and recommendations 
might be emphasized. All of these green extraction tech-
nologies are “mature,” with significant intellectual property 
prospects for such applications, but they are underutilized 
due to a lack of data on investment return. In order to scale 
up, a comprehensive approach spanning several processes 
is essential, including methodology, equipment design, bio-
analytical, etc. Furthermore, the development of multidis-
ciplinary skills is regarded as vital for a future in which the 
knowledge and integration of multiple technologies will be 
crucial. For instance, the processing time is a crucial factor 
that influences extraction costs in the case of industrial SFE-
CO2, whereas microwave-assisted SFE-CO2 and ultrasonic 
can reach maximum yields in less time. EAE methods have 
the potential to not only produce better yields of diverse 
ingredients with fewer by-products but also to improve their 
bioavailability, which is one of the limiting factors in provid-
ing effective pharmacological activities.
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