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Abstract: The fruit, vegetable, legume, and cereal industries generate many wastes, representing an
environmental pollution problem. However, these wastes are a rich source of antioxidant molecules
such as terpenes, phenolic compounds, phytosterols, and bioactive peptides with potential
applications mainly in the food and pharmaceutical industries, and they exhibit multiple biological
properties including antidiabetic, anti-obesity, antihypertensive, anticancer, and antibacterial
properties. The aforementioned has increased studies on the recovery of antioxidant compounds
using green technologies to value plant waste, since they represent more efficient and sustainable
processes. In this review, the main antioxidant molecules from plants are briefly described and the
advantages and disadvantages of the use of conventional and green extraction technologies used for
the recovery and optimization of the yield of antioxidant naturals are detailed; finally, recent studies
on biological properties of antioxidant molecules extracted from plant waste are presented here.

Keywords: phytosterols; terpenes; phenolic compounds; bioactive peptides; extraction;
valorization; fruit; vegetable; green technologies; residues

1. Introduction

According to the Food and Agriculture Organization of the United Nations [1], globally,
agriculture produces 8.65 billion tons of food per year. Along the agricultural food supply chain, a
large amount of waste of fruits, vegetables, cereals, and pulses is produced, mainly during post-
harvest, processing, and household consumption [2,3]. The levels of agricultural waste vary from
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region to region. For example, the United States of America generates about 15 million tons of fruit
and vegetable waste, while China generates 32 million tons [4]. Cereals waste represents 10-12% of
North America and Europe’s total production, while Asia is up to 18% [5]. In Mexico, the processing
of fruits, vegetables, and cereals generates about 76 million tons of waste per year [6].

The main agricultural wastes of peels, pomace, seeds, leaves, resin, and others are produced
each year and are commonly disposed of in the environment, causing serious pollution and
environmental problems. However, these wastes represent one of the main sources of low-cost
antioxidants molecules, including terpenes, phytosterols, phenolic compounds, and peptides [7-10].
The antioxidant molecules could be used as food additives, pharmaceuticals, or therapeutic agents,
because they have been shown to play an important role in the prevention and adjunctive treatment
of diseases such as diabetes, cancer, hypertension, and metabolic syndrome [11-15].

Therefore, the revaluing of plant-derived waste is a topic of interest to the scientific community.
The attention has been focused on studying the recovery technologies for antioxidant molecules,
especially those that are friendly to the environment, also known as green extraction technologies or
non-conventional technologies such as enzyme-aided extraction, ultrasonic and microwave-assisted
extraction, pressurized liquid extraction, and supercritical fluid extraction. These green technologies
have replaced conventional technologies such as maceration and hydrodistillation, due to their high
yield, reduced extraction process time, and mild conditions that prevent or reduce the degradation
of the antioxidant molecules maintaining their quality, but above all, because the compounds of
interest are recovered from sustainable processes [16-18].

This review will briefly describe the main antioxidant molecules from plant-derived waste.
Conventional and non-conventional extraction technologies using response surface methodology
(RSM) and details about the parameters used to optimize the extraction process such as temperature,
solvent, time, enzyme, frequency, pressure, and others are presented in detail. Studies in vivo and in
vitro on biological properties of antioxidant molecules and their action mechanisms are reviewed.

2. Plant Waste As Source of Bioactive Compounds

Waste from inedible parts of plants such as peel, leaves, stem, seed, and root can be generated
during the harvesting, post-harvesting, or processing [19]. They constitute a low-cost source of
antioxidant molecules, including terpenes, polyphenols, phytosterols, and peptides, which exhibit
antidiabetic, anti-obesity, antihypertensive, anticancer, and antibacterial properties [12,20-23].
However, these residues might have a negative impact on the environment. In this regard, as an effort
to reduce the environmental consequences of plant waste and their potential exploitation, studies
have focused on giving added value to plants waste through green extraction of antioxidant
molecules, for intensifying their use as functional additives, or as a therapeutic alternative in the
treatment or prevention of chronic diseases such as cardiovascular diseases, diabetes, and cancer [24].

Peels and pomace of fruits such as mango, apple, grape, pomegranate, pineapple, banana, and
orange are the main waste of the agri-food industry, which might present a greater content of
phenolic compounds than the edible portion [19,25]. On the other hand, the oil industry of almond,
rapeseed meal, and coconut; the processing of cereals (mainly wheat, rice, and oat); and the pitting
process of fruits such as olive, plump, tomato, and peach generate large amounts of protein-rich
residues, which have recently been used for the production of bioactive peptides [9,26-33]. Terpenes
have been extracted mainly from essential oils from leaves, resins, and cones of trees such as Pinus
taeda, Pistacia lentiscus, etc. [34]. Oils from fruits (e.g., melon, mango, orange, berries, papaya, apple,
passion fruit, and guava seeds) and cereals (e.g., wheat, oat, and rice) are generally known to be the
best natural sources of dietary plant sterols known as phytosterols [35-37].
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3. Bioactive Compounds from Plant Waste

The plant wastes contain a wide variety of bioactive compounds, including fiber, glucosinolates,
saponins, terpenes, phenolic compounds, phytosterols, and peptides [6,16,38]. In this review, the
main bioactive compounds with antioxidant activity will be briefly described below.

3.1. Terpenes

Terpenes are antioxidant molecules, also known as terpenoids o isoprenoids (Figure 1a) [8].
These compounds are formed by the condensation of two subunits of isoprene (CsHs) (hydrocarbon
with five atoms of carbon) [8,39]. According to the number of isoprene units (C5), terpenoids can be
classified as shown in Table 1 [39—41].
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Figure 1. Chemical structure of (a) terpenes, (b) phenolic compounds, and (c) phytosterols. The structures
were obtained from the PubChem database [42-52].

Table 1. Classification of terpenes according to the isoprene number.

Terpenes (Classification) Amounts of Carbons Isoprene Units

Hemiterpenoids 5 1
Monoterpenoids 10 2
Sesquiterpenoids 15 3
Diterpenoids 20 4
Sesterterpenoids 25 5
Triterpenoids 30 6
Tetraterpenoids 40 8
Politerpenoids >40 8
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Terpenoids have antiviral, antifungal, antibacterial, anticancer [39,40,53-55], antihypertensive,
gastroprotective, antitumor, cytotoxic [40], and anti-inflammatory properties [53,56-63]. Terpenes
constitute 90% of essential oils and present a great diversity of structures and compounds, such as
limonene, p-cymene, a-pinene, and o-terpinene (monoterpenes) and such as carvacrol, thymol, and
camphor (oxygenated monoterpenes). The biological properties of terpenes are attributed to chemical
structure. For example, the antioxidant activity is mainly due to phenolic-type components, such as
linalool, thymol, carvacrol, and D-limonene [64,65]. The antimicrobial activity is related to hydrophobicity
[64,66,67], causing irreversible damage to the wall and membrane of bacterial cells, which leads to a
leakage of proteins, DNA molecules, and RNA [68,69]. The immunomodulatory activity of monoterpenes
has been related to their ability to modulate the serum immune parameters [70].

On the other hand, tetraterpenoids and sesquiterpenoids are other important groups of terpenoids.
Carotenoids are the most representative group of tetraterpenes, which can be classified into two groups:
xanthophylls (lutein, zeaxanthin, and -cryptoxanthin) with the presence of oxygen in their molecules;
and carotenes, which are hydrocarbon carotenoids without oxygen in their molecules such as a-
carotene, [-carotene, and lycopene (Figure 1la) [71]. Carotenoids can exhibit anti-cancer or
immunostimulant effects, both associated with their antioxidant property [72,73], the latter related to
the presence of their conjugated double bonds and the presence of ring structures at the end of the
polyenes [74]. Sesquiterpenoids (C15H24) can be acyclic (Farnesol) or contain rings (bisabolol,
curcumene, caryophyllene, humulene, valencene, sativene, selinene, and others) [75,76]. These
compounds are recognized for their cytotoxicity effect on cancer cells, attributed to their antioxidant
property [75]. Additionally, in vivo, sesquiterpenoids induce apoptosis in cancer cells [76].

3.2. Phenolic Compounds

Phenolic compounds are benzene molecules containing OH moieties (Figure 1b) produced as
secondary metabolites by plants as a defense response against depressors or different stress conditions
[77]. In nature, fruits, vegetables, cereals, chocolate, olive oils, and beverages such as tea and wine are
considered rich sources of phenolic compounds [78]. In the scientific literature, around 8000 different
phenolic structures have been reported, and more than a half correspond to flavonoids [79]. There are
two types of phenolic compounds, the free phenolics (FP) and non-extractable phenolics (NEP), as FP,
NEP are interesting as they exhibit antioxidant, antitumor, and anti-cholesterol properties, their difficult
extraction is due to have a high molecular mass, or they are small phenolics linked to cellulose or
hemicellulose, other polysaccharides, or polypeptide networks [77]. The NEP are classified in
proanthocyanidins, hydrolyzable tannins, and complex tannins [77]. Free phenolics are classified in
hydroxybenzoic and hydroxycinnamic acids, stilbenes, chalcones, and flavonoids.

Phenolic compounds have positive effects on human health on neurodegeneration restoring,
aging, cancer, metabolic disorders such as diabetes, cardiovascular diseases, hypertension, and
infections [80]. The anticancer and anti-inflammatory properties of phenolic compounds
(anthocyanins, epigallocatechin-3-gallate (EGGC) and resveratrol) are related to their antioxidant
(free radical scavengers) and pro-oxidant mechanisms. The antibacterial activity of phenolic
compounds is related to the damage to the bacteria cell membrane. This process involves modifying
the membrane permeability leading to the loss of cell wall integrity and changes in intracellular
functions by enzyme binding, which is explained in detail below.

3.3. Phytosterols

Plant sterols are generally known as phytosterols. These are natural and bioactive compounds
that represent a diverse group of triterpenes [37,81]. Humans do not synthesize phytosterols, so they
must be obtained from dietary sources, such as plant-derived foods [81]; mainly in nuts, seeds, cereals
and legumes [81,82], vegetable oils (corn oil, rapeseed oil (canola), soybean oil, and sunflower oil),
vegetables [81], and products made with them.

The most important and abundant phytosterols are [-sitosterol (carbon structure C-29),
campesterol (C-28), and stigmasterol (C-29) (Figure 1c) [37,81,82]. Furthermore, phytosterols have
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biological functions and chemical structures similar to cholesterol [83,84], except for an additional
hydrocarbon chain at carbon 24 (C-24) [82,85]. Phytosterols differ from cholesterol by an extra methyl
or ethyl group at C-24 or a double bond at the C22 position [81,86]. These changes in their structure
make cholesterol and phytosterols functionally and metabolically different from each other [81].

Phytosterols can help human and animal health when these bioactive compounds are consumed
regularly over time through natural foods or enriched foods [87]. Some of these benefits include
improving serum lipid profile [85] and potentially reducing blood cholesterol levels [88];
additionally, they have antidiabetic, hepatoprotective, anticancer, antioxidant, antimicrobial, anti-
inflammatory, antiatherosclerotic, and antitumor effects [37,83,85,87-89].

The reducing activity of phytosterols on cholesterol is due to their similar structure, since they
can reduce cholesterol absorption in the small intestine [82,83]. Because they are more lipophilic than
cholesterol, then phytosterols displace cholesterol from phospholipid micelles [83,87]. However, the
absorption of phytosterols is lower than that of cholesterol due to selectivity and return to the
intestinal lumen mediated by ABC transporters [83,87]. There is a very close relationship between the
low absorption rate of different phytosterols and the carbon side chain’s length. The absorption levels
of campesterol, which has a methyl group, are higher than those of (3-sitosterol, which possess an
ethyl group [83].

3.4. Bioactive Peptides

There is extensive literature on the study of bioactive proteins, hydrolysates, and peptides
isolated or produced from food plants. In contrast, there is scarce literature for compounds from plant
waste [90], whose study has gained increasing interest, becoming a reuse and revalorization strategy
while contributing to minimizing waste generation. Due to the compositional characteristics of plant
waste, bioactive proteins have been modest compared to research on molecules such as phenolic
compounds, vitamins, fatty acids, and pigments, among other groups no less interesting and
important [91]. Bioactive peptides with antimicrobial, antihypertensive, and anti-inflammatory
properties have been identified and isolated from fruits and vegetables [92,93].

Bioactive peptides properties depend on some structural characteristics such as length, amino
acids composition, sequences, and charge. Bioactive peptides generally are small, composed of two
to 12 amino acids. In the case of ACE-inhibitory peptides presence of Tyr, Phe, Trp, Pro, Lys, Ile, Val,
Leu, and Arg has a strong influence; but for di- and tripeptides, the ACE-inhibitory activity is related
to the presence of aromatic amino acids [94]. The antioxidant property of bioactive peptides is related
to aromatic and hydrophobic amino acids, as well as acidic amino acids and their amide forms (Glu,
Gln, Asp, and Asn) [29]. Instead, antimicrobial peptides normally have cationic and amphipathic
molecules, facilitating the bond between the peptide and the cytoplasmatic membrane [93].

4. Extraction Techniques for Recovery of Bioactive Compounds

The use of green extraction techniques to obtain antioxidant molecules from waste has increased
in recent years due to the current need for (i) mitigate the negative environmental impact and (ii)
optimizing extraction techniques through the application of the RSM to increase the yield of
production of bioactive compounds [16]. The main extraction techniques focused on optimizing the
recovery process of antioxidant molecules are described below.

4.1. Maceration and Hydrodistillation

Maceration and hydrodistillation are conventional extraction technologies commonly used for
the recovery of bioactive compounds [95-98]. The maceration is a technique based on the use of
organic solvents, solid-to-solvent ratio, agitation, temperature, and time extraction [99-101]. This
extraction technology involves a simple and inexpensive procedure; that is why it is still the most
widely used [99,102]. However, the maceration technique presents the following disadvantages: (i)
use of potentially toxic solvents, (ii) long periods of extraction, and (iii) requires a subsequent
concentration process (usually evaporation) for the recovery of bioactive compounds [103].
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Furthermore, the recovery yield of bioactive compounds using this technology is relatively low when
compared to non-conventional technologies. For example, Safdar, et al. [104] reported that the
recovery of phenolic compounds from kinnow shell (Citrus reticulate L.) was low (8.64 mg GAE/g)
using extraction by maceration and 80% ethyl acetate as the solvent, in comparison with the recovery
of phenolic compounds obtained by the ultrasound-assisted extraction (32.48 mg GAE/g) using the
same solvent. Moreover, Kehili, et al. [105] indicated that recovery of lycopene from tomato peel was
higher (728.98 mg/kg) using supercritical fluid extraction (SFE) than with maceration (608.94 mg/kg)
using hexane as solvent. Nevertheless, studies have been conducted to optimize the conditions for
the extraction of bioactive compounds from vegetable waste using maceration. For instance,
Anastacio, et al. [106] used the RSM and artificial neural network (ANN) models to predict the
optimal conditions for the aqueous extraction of phenolic compounds from sweet potato peels. The
optimal extraction conditions found with the RSM and ANN model were identical (temperature: 75
°C, time: 30 min, solvent(water)-to-solid ratio: 60 mL/g). These settings allowed to obtain a total
phenolic content of 11.87 + 0.69 mg GAE/g and antioxidant capacity of 12.91 + 0.42 mg TE/g and 46.35
+2.71 mg TE/g measured by ABTS and DPPH assays, respectively. The authors mention that these
optimal parameters show potential to obtain antioxidant aqueous extracts from sweet potato peel
and might add value to this waste. Furthermore, Alrugaibah et al. [107] evaluated the efficiency of
different natural deep eutectic solvents (NDES) to obtain procyanidins and anthocyanins from
cranberry pomace. The NDES selected to procyanidin and anthocyanin extraction were (i) one
consisting of choline chloride:betaine hydrochloride:levulinic acid (1:1:2) (NDES2) and (ii) one
consisting of glucose:lactic acid (1:5) (NDESS), respectively. The RSM model for obtention of
procyanidins by NDES 2 under the optimal conditions (50 mL NDES2/100 mL water, time: 30 min
and solid-to-solvent ratio: 1:40) had R2 = 0.977, which was comparable to artificial neural networking
(R2 =0.973); these parameters achieved a yield of 34.83 mg procyanidin/g was achieved. The ANN
model for extraction of anthocyanins using NDES 8 under the optimal conditions (50 mL NDES 8/100
mL water, time: 10 min, solid-to-solvent ratio 1:20) performed better than RSM model (R2 = 0.95 for
ANN versus 0.88 for RSM); these settings achieved a yield of anthocyanins of 1.30 mg/g. In this case,
the predictive model obtained with ANN showed a better approach than RSM. This type of study is
important, as NDES are contemplated to substitute the use of organic solvents.

Hydrodistillation consists of extracting volatile organic and non-organic compounds with
distilled water. This technique involves three processes: hydrodiffusion, hydrolysis, and
decomposition by heat [100]. The heat causes the breakdown of the cell structure, releasing aromatic
compounds, and even the degradation of these compounds [100,108]. Therefore, this extraction
technique has been used to obtain essential oils (terpenes or phytosterols) from plant waste. Recently,
hydrodistillation has been used in combination with non-conventional technologies to increase the
yield of volatile compounds. For example, Wu et al. [109] used conventional hydrodistillation and
hydrodistillation combined with electrofluidic pretreatment to extract essential oils from grape and
pomelo peel. The authors reported an increase of essential oils recovery yield (43%) for grape peel
and pomelo peel (93%) using the combination of techniques. On the other hand, Bustamante et al.
[110] indicated a slight increase (1.8%) in the recovery yield of essential oils (mainly D-limonene, a-
pinene, sabinene, and R-B-myrcene) from orange (Navel navelate) peel using the microwave-assisted
hydrodistillation compared to conventional hydrodistillation (1.7%). Despite the slight increase
reported, microwave-assisted hydrodistillation has been shown to reduce time, energy, and solvent
consumption during the extraction of essential oils.

4.2. Enzyme-Aided Extraction

Conventional extraction strategies based on solvents’ usage have been applied to exploit
vegetable waste as a source of bioactive molecules. However, these traditional techniques involve
several steps, including high temperatures and solvent recirculation, which could cause the bioactive
molecules’ chemical degradation [38,111]. In this regard, enzyme assisted extraction of biomolecules
from plant origin represents an alternative to conventional solvent extraction techniques, since the
biocatalytic processes function at mild temperatures and reduce the requirement of harmful solvents
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[112]. Additionally, the obtained bioproducts possess superior quality and are more suitable for
human consumption [28,113].

Enzyme-assisted extraction has been used to extract various compounds from vegetable waste,
such as carotenoids and flavonoids, among others [114-117]. However, in recent times, enzymatic
technology is a trending biotechnological tool to obtain bioactive peptides from plant origin waste;
in fact, bioactive peptides have received much attention because of their interesting functional and
bioactive properties; and can be used as nutraceuticals for the development of functional foods
[38,118]. Interestingly, enzyme-assisted extraction could be applied not only to produce bioactive
peptides, but also to enhance their biological properties [119]. For instance, Esteve et al. [120] worked
on the production of peptides from olive seed by utilizing five different commercial enzymes. These
authors found that alcalase was the enzyme yielding the highest hydrolytic activity (degree of
hydrolysis of 70.4%). The highest antioxidant activities (DPPH, ABTS, and lipid peroxidation
inhibition) were obtained with alcalase. Regarding antihypertensive property, peptides produced
with thermolysin exhibited the highest ACE inhibition capacity (29 pug/mL). This result is related to
thermolysin’s specificity, an enzyme that catalyzes the hydrolysis of peptide bonds containing
hydrophobic amino acids. It has been demonstrated that the most powerful antihypertensive
peptides contain hydrophobic C-terminal amino acids [121].

To make the enzyme-assisted extraction process more efficient, it is important to work under
optimized conditions. In this sense, several factors of enzymatic hydrolysis such as enzyme
concentration, temperature, time, and pH of hydrolysis have been explored by using RSM [122,123],
which is a collection of statistical and mathematical techniques useful for developing, improving, and
optimizing processes in which several variables influence the response of interest [124]. In this regard,
Karami, Peighambardoust, Hesari, and Akbari-Adergani [122] applied RSM to valorize wheat germ
generated in the flour industry by the production of antioxidant peptides; in this study, temperature,
time, and enzyme/substrate ratio were chosen as independent factors, whereas ferrous chelating
activity, DPPH, ABTS radicals scavenging, and total antioxidant activity were evaluated responses.
Time and enzyme/substrate ratio had significant effects on DPPH and ABTS radical scavenging (P <
0.05), whereas the quadratic terms of hydrolysis temperature exert a significant influence on
antioxidant activity (P < 0.05). The suggested hydrolysis conditions for wheat germ peptides
produced with alcalase were an enzyme/substrate ratio of 1.46% (w/w), a temperature of 52.28 °C,
and a time of 233 min. The model’s validity was verified performing experiments under the
mentioned optimal conditions, and experimental antioxidant values agreed with the model’s
predicted values within a 95% confidence interval.

Another interesting approach of enzyme-aided production of bioactive peptides from vegetable
waste is the combination of enzyme technology with other green techniques, such as microwave,
ultrasound, and supercritical fluid extraction, among others; this combination can boost the
advantages of enzymatic extraction [125]. Gorgiic et al. [126] obtained bioactive peptides from food
waste sesame bran (Sesamum indicum L.) by using four different extraction methodologies:
conventional alkaline extraction, enzymatic extraction (independent variables: enzyme
concentration, pH, temperature and time), ultrasound-assisted extraction (independent variables:
ultrasound power and temperature), and ultrasound-assisted enzymatic extraction (independent
variables: ultrasound power, enzyme concentration, temperature and time). RSM was applied to
processes optimization, and the evaluated responses were protein yield (PY), total phenolic
compounds (TPC), and antioxidant activity (DPPH and ABTS). By comparing the extraction
procedures, combined ultrasound-assisted enzymatic extraction gave higher PY (87.9%) compared to
enzymatic extraction by alcalase (79.3%), ultrasound-assisted extraction (59.8%), and standard
alkaline method (24.5%). Additionally, enzymatic and ultrasound-assisted extraction methods
increased total phenolic content and antioxidant activities compared to the traditional alkaline
extraction methods. More studies related to the effect of enzymatic assisted extraction on yield and
biological properties of peptides from vegetal waste are depicted in Table 2.
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Table 2. Applications of enzyme assisted extraction for the production of bioactive peptides from

vegetable waste.

Remarks Enzyme Aided Effects on Variable Reference
Source .
Extraction Processes Responses
Plum (Prunus  Protein extracts obtained by using Alcalase was the enzyme [127]
Domestica L.) four different enzymes: alcalase,  yielding the extracts with the
seed waste thermolysin, flavourzyme, and highest ABTS radical
protease P. scavenging and lipid
peroxidation inhibition
capacities. Highest ACE
inhibitory capacity was
observed when using
Thermolysin and alcalase
Walnut Enzymatic hydrolysate of walnut Walnut peptides have [128]
(Juglans regia seed proteins was prepared by substantially higher
L.) kernels incubation with chymotrypsin, antioxidant activity than
trypsin, and microbial proteinase intact proteins. Highest
K. antioxidant and anticancer
activity were exhibited by
peptides produced with
chymotrypsin
Cauliflower By-product protein pellet was Compared to trypsin, the use [129]
(Brassica hydrolyzed by alcalase and trypsin of alcalase improved the
oleracea L. var. antioxidant activity of
botrytis) waste hydrolysates while
leaves and maintaining the ACE-
stem inhibitor activity.
Partially The effect of enzyme type The enzyme type [130]
defatted (alcalase, flavourzyme and significantly (P < 0.05)
Riceberry bran neutrase) and hydrolysis time (2, 4 affected the properties of
and 6 h) on protein yield, total peptides, whereas the
phenolic content (TPC), and hydrolysis time had no
antioxidant activities (ABTS and significant effect (P > 0.05).
FRAP) was investigated. Flavourzyme was the most
effective to increase protein
yield, TPC, and antioxidant
activities compared to
alcalase and neutrase.
Limonia Three-level three-factor Box The three evaluated factors [131]

Behnken Design was employed to
predict the optimal hydrolysis
conditions of L. acidissima using
pepsin. Evaluated independent
variables were: pH, enzyme
substrate ratio, and time.

acidissima seed

(pH, enzyme substrate ratio,
and time) exerted a
significant effect (P < 0.05) on
degree of hydrolysis (DH).
The optimal conditions for L
acidissima seed proteins
were pH 2, enzyme substrate
ratio of 2.5% (w/w), and
hydrolysis time of 42.41 min.
Under these conditions, a
DH of 36.59% was achieved.
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Food waste
sesame bran
(Sesamum
indicum L.)

Three different strategies of
extraction were applied to obtain
peptides from sesame bran:
conventional alkaline extraction
(as a control), microwave-assisted
extraction (independent variables:
time and temperature), and
combined microwave-assisted
enzymatic extraction, using
alcalase (independent variables:
enzyme concentration, pH, and
time of hidrolysys). RSM was used
to optimize the processes.

All the independent
variables had a significant
effect on all of the responses
at a level of P <0.001.
The highest protein yield
was obtained by combined
microwave-assisted

enzymatic extraction (91.7%).

Total phenolic compound
results were in accordance
with protein yields and
resulted as 3.45, 4.20, and
8.04 mg GAE/g for alkaline,

9]

9 of 46

microwave-assisted, and
combined extraction,
respectively.
Microwave-assisted
enzymatic extraction was
proven to be more efficient
than other techniques on the
extraction of protein and
bioactive compounds.

4.3. Ultrasonic and Microwave Assisted Extraction

Ultrasound-assisted extraction (UAE) is a useful extraction technique due to cavitational effects
based on bubble dynamics, which are classified into sonochemical effects (SE) and mechanical effects
(ME). At low frequency, ME dominates versus SE; this condition is normally recommended for the
extraction of bioactive compounds from plants [132] as higher ultrasound power produces free
hydroxyl radicals, which degrade phenolic compounds by SE mechanism, especially those with high
water content [133,134]. According to Wang, et al. [135], at a high irradiation distance (50 mm), the
ME is increased, reducing the generation of hydroxyl radicals and lowering the bioactive compounds’
degradation. The UAE’s parameters conditions, such as temperature, power, and time, influence the
yield and antioxidant, anticancer, and antimicrobial properties of phenolic extracts [133]. Thus, all of
these physical and chemical parameters must be taken into account to extract active molecules from
plants, starting from the ultrasound source and extraction media, which could be direct or indirect
(bath). The first one is the most effective; corrosion could be a problem [133].

Frequency is one of the most important parameters for bioactive compounds extraction. Low
frequencies (20-40 kHz) have been observed to generate large cavitation bubbles, increasing shear
and the number of microwaves and ensuring solvent penetration for higher extraction rate. Dual or
multiple frequencies also increased the extraction yield [133]. Temperature is another important
parameter in the UAE. Increasing temperature favors material porosity, solvation and mass transfer,
reduced surface tension, and viscosity. For most bioactive compounds from plants, temperatures
below 50 °C are recommended, especially for phenolic compounds; beyond this value, degradation
can be produced by hydrolysis or oxidation; however, some compounds tolerate 60 °C. Ultrasound
power also has an influence in combination with frequency. A wide range of power has been applied
for bioactive compounds, ranging from 25 to 150 W in most studies [133]. The selection of a solvent
for UAE is critical and depends on polarity, melting point, boiling point, affinity, density, and gravity
of the bioactive compound to be extracted. The toxic effect of the residual solvent in the final product
and the possibility of reacting with the bioactive molecules must also be considered, and some
solvents are difficult to remove during purification. Most of the solvents used in UAE are composed
of a mixture of aqueous and organic phases in different ratios. Thus, organic solvents such as ethanol,
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methanol, acetone, and isopropanol have been used, and a common vegetal material:solvent ratio
might vary between 1:3 and 1:5 [133]. All of these UAE parameters have been considered for the
extraction of bioactive compounds in the following studies.

Asparagus phenolics extraction by ultrasound-assisted was increased (3.95 mg/g) at the selected
intensities 12-120 W and temperatures of 25-35 °C using the D101 resins [132]. A combination of
hydrostatic pressure extraction and ultrasound-assisted extraction (400 W, 30 kHz, working
amplitude of 95% in a continuous cycle mode) with ethanol 70% and 15 min obtaining 3643.9 mg/100
g of phenolic compounds from tomato peel waste [136]. For orange peel phenolic compounds the
next conditions were applied: water:ethanol (80:20, v/v), temperatures from 25-90 °C, and time = 15
min; with a ratio of dry vegetal material: solvent = 0.3:50 g/mL, the recovered phenolic compounds
were trans ferulic acid (0.29-1.38 mg/g), rutin (3.3—4.7 mg/g), and hesperidin (280-673 mg/g) [137]. In
the case of grape pomace polyphenols, a ratio of dry vegetal material:solvent = 1:70 g/mL in
water:ethanol (1:1, v/v), frequency = 25 kHz, temperature = 20 °C, power = 300 W, and time = 1 h.
Under these conditions the following phenolic compounds were recovered: TPC (438984 ppm GAE
dw), total flavan-3-ol (43,469 ppm CE), total anthocyanin (34,188 ppm Mv-3-glc eq), and total flavonol
(4484 ppm QE) [138]. SRM has been applied to optimize bioactive compounds from vegetal material
applying UAE. Chmelova et al. [139] increased phenolic compounds extraction from Spruce bark
(Picea abies), varying the independent variables temperature, liquid to solid ratio, time, and methanol
content, and the optimal conditions were 63 °C, methanol content of 53% (v/v), and 38 mL of
extraction solvent per gram of dry material. The UAE has been applied with other extractive methods
such as adsorption/desorption with amberlite resins to extract phenolic compounds from apple skin
[140]. As can be seen, UAE conditions must be adapted to each vegetal source and bioactive
compound to be extracted considering all the factors discussed above.

Microwave-assisted extraction is a green extraction technique that has been explored to obtain
antioxidant compounds, such as phenolics, from vegetable waste. For instance, Carbone et al. [141]
evaluated the effects of temperature, extraction time, solvent composition (ethanol:water), and solid—
solvent ratio on the microwave-assisted extraction of phenolic compounds from kiwi pomace.
Furthermore, these authors compared the efficacy of the predictive models produced with RSM and
ANN to obtain the optimal conditions of extraction. At the optimal conditions of microwave-assisted
extraction (T: 75 °C; time: 15 min, solvent composition: 50% ethanol:water, and solid-solvent ratio:
1:15), it was possible to obtain a total phenolic content of 4.79 + 0.13 mg GAE/g from the kiwi pomace.
Furthermore, the antioxidant capacity, measured with the DPPH and ABTS assays, of the optimized
extracts were ECso = 5.49 + 0.02 mg and 560 + 1 pg, respectively. Authors concluded that both models
were efficient to predict the optimal conditions of microwave-assisted extraction; nevertheless, ANN
showed higher predictive capability and accuracy than RSM. Nevertheless, the RSM model allowed
to determine the significance of each variable under study.

4.4. Pressurized Liquid Extraction

Pressurized liquid extraction (PLE) is a solid-liquid extraction method that utilizes pressurized
liquids, as extractant solvent, at elevated temperatures and pressures, below their critical point. The
PLE applies high pressures to the solvent, so it remains in a liquid state beyond its normal boiling
point [142]. The use of high temperatures at high pressures increases the analyte’s solubility by
uprising both solubility and mass transfer rate; furthermore, this reduces the viscosity and surface
tension of solvents [103]. Therefore, the PLE accomplishes faster and efficient extractions, with the
advantage that requires smaller volumes of solvents than traditional methods, such as maceration
and Soxhlet extraction [143].

PLE has been effectively applied to extract bioactive compounds from different vegetable waste
sources. For instance, Xu et al. [144] used RSM to optimize PLE of spent coffee grounds (Coffea arabica
L.), focusing on the total recovery of phenolic compounds and antioxidant activity by the ABTS
method, using water as a solvent. The parameters under study were temperature (160-180 °C), time
of extraction (35-55 min), and solid-to-liquid ratio (14.1-26.3 g/L). The pressure was kept constant at
5.0 MPa. Results showed that phenolic compounds recovery was enhanced with the increase of
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temperature. This effect might be because high temperatures rise the diffusion coefficient of solvent
and reduce the solvent viscosity, which increases the diffusion rate of analytes and the solubility of
solutes [145]. Authors found that the conditions of PLE that optimized the recovery of phenolic
compounds (88.34 mg GAE/g) and antioxidant activity (88.65 mmol TE/100 g) of the extract from
spent coffee grounds were a temperature of 179 °C, a time of extraction of 36 min, and a ratio of 14.1
g/L. The main phenolic acids present in the extract were 3-O-caffeoylquinic acid, 4-O-caffeoylquinic
acid, and 5-O-caffeoylquinic acid, at which the authors adjudicate the antioxidant properties of the
extract obtained.

Furthermore, Yan et al. [146] used the RSM for optimization of PLE conditions, using water as a
solvent, for the recovery of phenolic compounds from pomegranate (Punica granatum L.) peels. The
variables under study were temperature (110-150 °C), time of extraction (10-30 min), and solvent—
solid ratio (40-60 mL/g, v/w). The pressure was kept constant at 3.0 MPa. The yield of recovery of
TPC was increased as the temperature augmented. At high pressure and temperature, the water
dielectric constant is lower to an extent similar to those of some organic solvents, such as methanol
and ethanol [147]. Results also showed that TPC’s yield was increased when the time of extraction
raised from 5 to 20 min; nevertheless, when the extraction time was extended up to 20 to 80 min, the
yield of bioactive compounds recovered was reduced. This information indicates that the extension
of extraction time will not result in higher extraction yields; furthermore, prolonged extraction time
might lead to some compounds’ degradation [147]. The authors reported that optimum conditions
for TPC content (323.10 mg GAE/g) and antioxidant activity (476.81 mg TE/g) from pomegranate
peels were a temperature of 126.1 °C, time of extraction of 18.5 min, and a solvent-solid ratio of 54.8
mL/g. According to Yan, Cao, and Zheng [146], PLE is a very efficient and environmentally friendly
technique that can be used over conventional extraction methods to recover antioxidant phenolic
compounds from pomegranate peels.

Saravana, et al. [148] evaluated the effect of temperature (180-240 °C), pressure (15-45 bar),
solid-solvent ratio (0.04-0.09 g/mL), extraction time (5-15 min), and agitation speed (100-200 rpm)
on the PLE (water) of total saponins, TPC, and antioxidant activity from extracts recovered from
ginseng (Panax ginseng Meyer) waste. The optimization of the process conditions was performed
using RSM to improve the recovery of the bioactive compounds previously mentioned. The authors
found that the solid-solvent ratio is a key factor influencing the yields of bioactive compounds and
antioxidant activity. Recovery of saponins, phenolic compounds, and yield of antioxidant activity
were enhanced as the solid-solvent ratio was up to 0.05 g/mL. This might be because a high volume
of extractant causes extreme swelling of the matrix, which disrupts the plant cell walls and facilitates
the mass transfer [149]; nevertheless, when the solid—solvent ratio augmented above 0.07 g/mL, the
solution turned out to be saturated with the solute, this negatively affected the release of the bioactive
compounds to the extractant, which reduced the extraction yields. The agitation speed also
significantly affected the yield of saponin and phenolic compounds content, as well as the antioxidant
activity of extracts obtained by PLE from ginseng waste. When agitation speed was greater than 180
rpm, the recovery of bioactive compounds was increased. It has been established that the
augmentation of agitation speeds causes high mass transfer coefficients and improves the extraction
process, enhancing the extraction yields [150]. The effect of temperature and pressure in PLE of
bioactive compounds was similar, as discussed previously in this manuscript. Therefore, the
optimum conditions for total saponins (7.12 g Ginsenoside Re equivalent/100 g) and TPC (49.11 mg
GAE/100 g) recovery, and antioxidant activity (5.31 TE/100 g), were a temperature of 207 °C, a
pressure of 43.45 bar, a solid-solvent ratio of 0.04 g/mL, extraction time of 15 min, and an agitation
speed of 199 rpm. Furthermore, it was reported that homogentisic and gentisic acids were the main
phenolic compounds present in the ginseng waste extract obtained by PLE.

A more recent study by Munir et al. [151] explored the recovery of bioactive compounds from
onion (Allium cepa L.) skin waste using PLE, with water as a solvent. The authors used a face-centered
central composite design of RSM to evaluate the effect of temperature (170-230 °C), pH (2-10), and
particle size (100-200 mm (S1), 200-500 mm (S2), and 500-850 mm (S3)) on the phenolic and flavonoid
content, as well as antioxidant activity (DPPH) of extracts from onion skin waste. Conditions of
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pressure, agitation speed, and extraction time were kept constant at 30 bar, 400 rpm, and 30 min,
respectively. As expected, results showed that at higher particle size, the recovery of bioactive
compounds and antioxidant activity were reduced. This might be because, at a higher particle size,
the contact surface of the matrix and the extractant is decreased, which lowers the mass transfer and
the extraction efficiency [152]. The pH also affected the bioactive compounds and antioxidant yields.
The antioxidant compounds yield was reduced as the pH was increased. This reduction in the
phenolic and flavonoid content with higher pH might be because polyphenols are acidic and begin
to degrade under alkaline conditions [153]. The authors reported that the optimum conditions for
PLE of phenolic compounds (~200 mg GAE/g) and flavonoid (~90 mg quercetin equivalent/g) content
and antioxidant activity (~400 mmol TE/g) of extracts from onion skin waste were a temperature of
170-230 °C, pH of 6, and particle size of 200-500 mm. Furthermore, quercetin and kaempferol were
the main flavonoids identified in the extracts obtained from onion skin waste by PLE. The authors
mentioned that using water as a solvent in the PLE is an efficient method to recover bioactive
compounds with antioxidant activity from vegetable waste, such as onion skin.

4.5. Supercritical Fluid Extraction

Supercritical fluids are frequently used in industry as an alternate option to solvent extraction.
Due to their exclusion of toxic solvents from processes, supercritical fluids are recognized as
“environmentally friendly”. One of the main advantages of using supercritical fluid extraction (SFE)
for the recovery of bioactive compounds is that a supercritical fluid possesses a lower viscosity and
a higher diffusion coefficient than a liquid solvent, which leads to a more efficient and easier
penetration of the solvent to the sample matrix, enhancing the mass transfer. Furthermore, SFE is
usually performed at room temperature [103]. Another advantage of supercritical fluids is that
separation of the compound of interest from the liquid is easy and usually does not require additional
steps. Carbon dioxide (CO) is the solvent most frequently used in supercritical fluid extraction, since
it is safe, available, and cheap; furthermore, CO: present low critical temperature (31.1 °C) and
pressure (73.7 bar), which reduces the degradation of thermolabile compounds and exerts selectivity
for the compounds of interest [154]. Generally, most of the compounds extracted using SFE are non-
polar or mid-polar compounds, such as terpenes (essential oils and carotenoids). The reason is that
their low polarity limits the use of supercritical CO2; nevertheless, co-solvents, such as ethanol, have
been used to extract more polar compounds [155].

SFE is a technology that has been vastly used to obtain bioactive compounds from vegetable
waste [156]. Nevertheless, optimum conditions will vary depending on the extraction solvent, co-
solvent, temperature, pressure, time, and solvent flow rate. These parameters are very important to
consider in the optimization of the extraction process; changes in these variables might alter the
selectivity of the process and the yield of the final product [157].

In this regard, Ndayishimiye and Chun [158] studied the optimum supercritical CO:2 extraction
conditions to maximize carotenoid content in the citrus Yuzu ichandrin waste (mixture of seeds and
peels) oils. The authors evaluated the effect of temperature (40-50 °C), pressure (20-30 MPa), and
mixing ratio (1.5-3.0 g/g) on the carotenoid content and antioxidant activity of extracted oils by
applying the RSM. It was observed that when temperature and mixing ratio were kept constant, the
carotenoid content augmented with the increasing of the pressure. This might be because at high
pressures, the density of CO: increases; therefore, carotenoids’ solubility in the solvent rises.
According to the authors, the optimum conditions for carotenoid recovery from Yuzu ichandrin waste
were the pressure of 25.196 MPa, temperature of 44.88 °C, and a mixing ratio of 1.91, which gave
predicted values of 1.983 mg of carotenoid/g of oil. Another study where the optimization of SFE of
carotenoids was explored is the one by de Andrade Lima et al. [159]. In this study, the authors
determined the optimal conditions for carotenoids extraction from carrot peels by SFE using COz and
ethanol as co-solvent. The variables evaluated were temperature (50, 60, and 70 °C), pressure (150,
250, and 350 bar), and co-solvent (ethanol) percentage (5, 10, and 15%, v/v). The response variables
under study were the total mass yield and carotenoid recovery. The authors found that the optimal
conditions for the highest mass yield (5.31%) were temperature of 58.5 °C, pressure of 306 bar, and
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ethanol percentage of 14.3%, while the optimal conditions for the maximum carotenoid recovery
(86.1%) were temperature of 59 °C, a pressure of 349 bar, and co-solvent percentage of 15.5%. The
authors mentioned that this research’s findings could be applied for other vegetable residues aiming
to obtain carotenoids. Furthermore, Derrien et al. [160] evaluated the optimization of luteolin and
chlorophyll extraction conditions from spinach (Spinacia oleracea) waste. The authors used a Box—
Behnken design to optimize the extraction process using different conditions of pressure (10, 30, and
50 MPa), temperature (40, 50, and 60 °C), time (1, 3, and 5 h), and co-solvent (ethanol) percentages (0,
5, and 10%, v/v); the solvent flow rate was kept constant (10 g/min). It was reported that the optimum
extraction variables were temperature of 56 °C, time of 3.6 h, pressure of 39 MPa, and 10% of co-
solvent. These parameters resulted in a yield of 72% of luteolin and 50% of chlorophyll. The authors
mentioned that supercritical fluid CO:2 is a suitable technique for extracting these terpenes from
spinach residues, which is a potential alternative to replace conventional solvent extraction.
Additionally, Kitryté et al. [161] evaluated the separation of terpene-phenolic compounds from
industrial hemp (Cannabis sativa) threshing residues by optimizing the extraction parameters of
temperature (35-70 °C), time (60-120 min), and pressure (10-50 MPa). CO:2flow rate (2-3 SL/min) was
kept constant, and a central composite design and RSM were used for the optimization of parameters.
It was observed that at a pressure of up to 30 MPa, the increase of temperature positively affected
terpene-phenolic compounds’ recovery. The authors mentioned that this effect might be because the
increase of the solute’s vapor pressure could compensate the reduced solvating power of COz. The
authors report that the optimum conditions to obtain terpene-phenolic compounds from hemp
threshing residues are a pressure of 46.5 °C, a temperature of 70 °C, and a time of extraction of 120
min, which resulted in a yield of 24.72 mg/g of extract. The use of supercritical CO: under the
optimum conditions reported by Kitryté, Bagdonaité, and Rimantas Venskutonis [161] might be an
efficient way to recover the main bioactive components from industrial hemp residues.

A more recent study where vegetable wastes were used to obtain bioactive compounds using SFE
and RSM is the one by Piechowiak et al. [162]. In their study, the authors determined the optimal process
conditions using RSM to recover antioxidant compounds from yellow onion (A. cepa L.) skin. The
extraction parameters evaluated were temperature (12.5-59.5 °C), time (5.7-224 min), and the ratio of
onion skin mass to methanol volume (0.026-0.062 g/mL). The response variables were yield of
extraction, phenolic compounds content, and antioxidant activity of the dried extract. As expected, the
results showed that the total yield of recovery of antioxidant components from onion skin using
methanol as a solvent was dependent on the process conditions. The parameters that optimized the
extraction process were a temperature of 44 °C, a time of 145 min, and a ratio of 0.033 g/mL. These
conditions resulted in a total yield of 8.23 + 0.52 g dried extract/100 g of onion skin, phenolic compounds
recovery of 3.24 + 0.25 g quercetin/100 g of onion skin, and antioxidant activity of 401.52 + 23.02 mg
quercetin/g of extract. Furthermore, the content of quercetin, quercetin-3-glucoside, isorhamnetin, and
kaempferol was 315.6 mg/g extract, 40.3 mg/g, 14.8 mg/g, and 10.9 mg/g, respectively.

This kind of method shows that by regulating the extraction conditions, it is possible to optimize
the recovery of bioactive compounds from vegetable waste systematically.

Conventional and non-conventional extraction technologies can present several advantages and
disadvantages, which are summarized in Table 3.
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Table 3. Comparisson of extraction techniques for obtaining antioxidant compounds.

Technique Main Advantages Disadvantages Reference
Parameters/Factors
Maceration Solvents, solid-to- Simple method, it does  Use of great volumes of [163]
solvent ratio, agitation, not require expensive organic solvents,
temperature, time of equipment, the use of prolonged time of
extraction mild temperature extraction, it requires an
conditions allows to adittional step of
extract thermolabile separation
compounds (evaporation/concentrati
on)
Hydrodystillation Particle size, time of It does not require Thermolabile [100]
extraction, solid-to- organic solvents compounds can be
solvent ratio (water can be used) degraded, prolonged
time of extraction
Ultrasonic-assisted Frequency, extraction Higher recovery of Requires specific [164]
extraction time, temperature targeted compounds, equipment, might
degrade unstable
compounds
(carotenoids)
Reduces extraction Requires specific [165]

Frequency, time of
microwave, moisture
content, particle size,

solid-to-liquid ratio,

Microwave-assisted

extraction time and solvent

consumption, shows a
higher performance in
the recovery of

equipment, increases in

temperature can cause
the generation of

undesirable compounds

temperature
bioactive compounds  (hydroxymethylfurfural
)
Pressurized liquids =~ Temperature, pressure Faster and efficient Might not suitable for [142,166]
extractions, requires thermolabile
smaller volumes of compounds (the high
solvents than temperatures can
traditional methods degrade the chemical
structure and functional
activity of targeted
compounds)
More efficient Requires expensive [155]

Temperature,
pressure, co-solvent,
time, particle size

Supercritical fluids
extraction, doesn’t

require additional
steps of separation,
more specificity
towards the targeted
compounds, maintains
the chemical structure
and functional activity
of targeted
compounds

equipment, although it
is already used in
industrial processes,
such as coffee
decaffeination
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5. Potential Health Benefits of Recovered Bioactive Compounds of Plant Waste

5.1. Antioxidant Properties

Physiological oxidants are generated during regular cellular metabolism processes, such as
respiration. Examples os these oxidants, also known as free radicals or reactive species, are singlet
oxygen, hydroxyl radical (OH:-), superoxide anion (O:-), hydrogen peroxide (H20:), and lipid
peroxides, among others [167]. Oxidative stress is caused by elevated levels of reactive oxygen species
(ROS) or the decline of the antioxidant defenses in the organism, causing a cellular oxidative
environment that triggers the damage of indispensable biomolecules like proteins, lipids, and DNA
[168]. For example, during oxidative stress, the oxidation of lipids may occcur, with the formation of
malondyaldehyde (MDA) and 4-hydroxy-2-nonenal (4-HNE), this process is known as lipid
peroxidation [169]. Oxidative stress has been associated to the incidence and progression of several
diseases, such as diabetes, cancer, cardiovascular or neurodegenative disorders, atherosclerosis, etc.
[167]. Therefore, the study of potential antioxidant molecules to conteract the damaging effect of
reactive species is very important.

An antioxidant is a molecule or substance that may retard or inhibit the oxidation or oxidative
cell damage caused by the oxidants. The antioxidants can exert their activity by directly reacting with
free radicals, that is, donating one electron [170]. Antioxidants are able to stabilize themselves by the
resonance of their chemical structure and therefore break the oxidation chain. Molecules can also act
as antioxidants by interacting with transcription factors [171]. For instance, NF-kB and Nrf2 are
transcription factors involved in the gene expression of antioxidant enzymes, such as superoxide
dismutase (SOD), catalse (CAT), and glutathione peroxidase (GPx), which are the first line defense in
the cells against reactive species [172]. Vegetable wastes have been explored as a potential source to
obtain molecules or compounds with antioxidant activity. For instance, phenolic compounds from
avocado seed and peel have been demonstrated to possess antioxidant properties by showing high
radical scavenging activity against ROS, such as peroxyl superoxide (ROO) (2.2-10.6 pmol TE/g) and
hypochlorous acid (HOCI) (ECso = 5.2-8.6 ug/mL) [173]. Furthermore, phenolic compounds from
mango peels, such as gallic acid and quercetin, increase the activity of CAT and reduce the MDA
levels, as a biomarker of lipid peroxidation, in an in-vivo model of zebrafish (Danio rerio) [174].
Lycopene (4.9%), a tetraterpene, from tomato peel, has been demonstrated to exert antioxidant
activity via reducing the levels of ROS and diminishing the DNA fragmentation induced by H20: in
L6 cells (myoblasts) [175]. Aditionally, lutein, a carotenoid present in residues of lettuce or cabbage
[176], has shown efficient scavenging activity against ROO- in human erythrocytes. Moreover, lutein
was able to reduce lipid peroxidation in the erythrocytes [177]. These studies show the potential
protective effect of carotenoids against oxidative damage.

Phytosterols are a group of bioactive compounds present in the seeds and kernels of fruits and
cereals that have demonstrated antioxidant activity, for instance, seeds from Capsicum annuum
contain sterols, such as campesterol, stigmasterol, and {3-sitosterol. It has been reported that extracts
from pepper (C. annuum) seeds showed a significant antioxidant effect by reducing superoxide
radical in 45-47% at concentrations below 0.05 mg/mL [178]. Aditionally, lipid extracts from avocado
seeds, rich in sterol compounds, namely {3-sitosterol and campasterol, exerted inhibitory activity
against synthetic radicals (ABTS and DPPH) at 200 pg/mL [179]. Furthermore, p-sitosterol reduced
H202 and ROS levels in RAW 264.7 macrophage cells stimulated with phorbolmyristate acetate [180].
These results propose the important antioxidant activity of phytosterols from vegetable waste.

Bioactive peptides from vegetable waste are important, since their role in the prevention of
oxidative stress has been recognized. For instance, date seed protein hydrolysates, with 11-14%
degree of hydrolysis, showed significant antioxidant activity by scavenging the hydroxyl radical
from 12.3 to 43.8% [181]. Furthermore, cherry seed protein hydrolysates obtained with thermolysin
(55 + 5% degree of hydrolysis) significantly inhibited the hydroxyl radical and lipid peroxidation in
~30% and ~80%, respectively, in in-vitro assays [182].
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These studies reveal the potential of vegetable wastes as imporant and sustainable sources for
obtaining antioxidant molecules that might exert positive health benefits. This topic will be discussed
below.

5.2. Anti-Obesity and Anti-Diabetic

Obesity is a chronic problem characterized by excess body fat, high prevalence, and increasing
demand for care. It is considered a true epidemic of the 21st century, being increased worldwide. The
etiology of obesity includes genetic and environmental factors that interact in a complex way,
resulting in an excessive increase in adipose body mass due to the accumulation of fat in the tissue
and the decrease in energy expenditure. Obesity implies a health risk, since it is associated with a
whole set of metabolic abnormalities known as metabolic syndrome. These include type II diabetes
mellitus, dyslipidemias, cardiovascular disease, high blood pressure, and certain cancer types. One
of the most serious complications of obesity is insulin resistance, since it is directly related to the
appearance of type II diabetes [183].

The main treatments for diabetic patients are lifestyle changes and administration of
pharmacological drugs like metformin or acarbose, sulphonylureas, dipeptidyl peptidase four
inhibitors, glucagon-like peptide 1, and if necessary, insulin injections [184]. These treatments are
often costly and hard to acquire for people from low- and middle-income countries. Thus, diabetic
patients often incorporate medicinal plants or their infusions as a main source of treatment or
concomitance to the drugs mentioned before (whether the physician is aware or not). This has led to
an increased interest of scientists in the evaluation and analysis of natural compounds from plants as
potential antidiabetic agents. In this sense, phenolic compounds have been of great interest due to
their potential capacity as inhibitors of the carbohydrate metabolic enzymes a-glucosidase and a-
amylase, targets of the drug acarbose, to prevent increased plasmatic glucose levels after food intake
[185]. Phenolic compounds can be found almost ubiquitously in all plants; thus, they are present in
fruit and vegetables. Studies have also shown that phenolic compounds can also be found in high
concentrations in fruit and vegetable waste, which is now being considered a new rich source of these
phytochemicals. These wastes can be used to elaborate added-value products in the food industry
and the biopharmaceutical industry [186,187].

Most of the phenolic compounds identified in vegetable waste as potential antidiabetic agents are
phenolic acids and flavonoids and their derivatives (Table 4). These compounds are distributed in most
waste of the plant-food industry. However, the peel and pomace are the main wastes that have been
studied for valorization in antidiabetic and anti-obesity studies. In a recent study by Alongi, Melchior,
and Anese [11], the authors enriched short dough biscuits with apple pomace to reduce the bakery
product’s glycemic index. Apple pomace is a source of phenolic compounds and a rich source of dietary
fiber. In this sense, the authors report that replacement of wheat flour with 10 and 20% of apple pomace
flour enhanced the dietary fiber content of the biscuits, with 40% of dietary fiber content. Furthermore,
the biscuits with apple pomace showed a reduced glycemic index, which lowered from a glycemic
index of 70 in non-treated biscuits to a 60-65 glycemic index, achieving a classification of an
intermediate glycemic index food. This work shows that apple pomace is a suitable option to
incorporate on functional foods with a lower glycemic index aimed for diabetic patients.
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Table 4. Phytochemicals found in vegetable waste with antidiabetic and anti-obesity potential.
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Scientific Method of
Waste Name Plant Part Identification Compounds Reference
Pomegranate (15 Punica Peel HPLC-DAD and Punicalagin, cyanidin-3,5-O-diglucoside, delphinidin-3-O-glucoside, [188]
different varieties) granatum L. decoctions HPLC-MS cyanidin-3-O-glucoside, pelargonidin-3-O-glucoside
Protocatechuic acid, cis-p-coumaric acid, trans-p-coumaric acid, vanillic
Punica HPLC-DAD-ESI-  acid, gallic acid, hydroxygallic acid, hydroxycaffeic acid, vanillic acid
P Peel 1
omegranate granatum L. ce MS hexoside, caffeic acid hexoside, ferulic acid hexoside, 5-O-caffeoylquinic [189]
acid
& granatum L. LC-MS/MS - ehag pentoside, € agic Y - e1ag
acid, gallic acid
Punica Punicalagin, pyrogallol, ellagic acid, gallic acid, protocatechuic acid,
Pomegranate anatum L Peel HPLC chlorogenic acid, p-hydroxybenzoic acid, cinnamic acid, hesperidin, [190]
8 ’ quercitrin
Passion fruit Passiflora edulis Peel HPLC Caffeic acid and isoorientin [191]
Naranjilla :zleiz Peel Chlorogenic acid, p-coumaric acid, gallic acid, rutin hydrate, taxifolin
Cape gooseberr Physalis Peel Chlorogenic acid, gallic acid, polydatin, rutin hydrate
peg y peruviana 8 z: + poly ’ y /
Tamarillo Cyphomandra Pecl Chlorogenic acid, p-coumaric acid, ferulic ac%d, 1.rut1n hydrate, sinapic
betaceae acid, syringaldehyde, taxifolin
, UHPLC-HRMS : o o . . o : [192]
Passiflora Trans-cinnamic acid, p-coumaric acid, (-)-epicatechin, ferulic acid, gallic
Poro poro ) C L Peel . . . S 1
pinnatistipula acid, polydatin, rutin hydrate, sinapic acid, taxifolin
Curuba Pa.sszﬂo.m Pecl (+)-catechin, p-coumaric acid, f.er.uhc .ac1d, polydatin, sinapic acid,
tripartita vanillic acid
Sweet granadilla Passiflora Pecl (+)-catechin, chlorogenic acid, p-coumaric acid, ferulic acid, gallic acid,

ligularis

homogentisic acid, polydatin, sinapic acid, vanillic acid
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Table 4. Cont.
e Plant s e
Waste Scientific Name Part Method of Identification Compounds Reference
Catechin, epicatechin, rutin, quercetin, protocatechuic
Araticum Annona crassiflora Mart. Peel HPLC-ESI-MS/MS acid, gentisic acid, chlorogenic acid, p-coumaric acid, [193]
ferulic acid
Ellagic aci Hai llic acid. o- e acid. feruli
Longan Dimocarpus longan Peel HPLC-DAD agic a'Cld, cori agm,_ ga 'IC acid, o cF)umar1c acid, ferulic [194]
acid, chlorogenic acid, quercetin, kaempferol
Gallic acid, (+)-catechin, caffeic acid, (-)-epicatechin,
Red grape Vitis vinifera cv. Sangiovese Peel HPLC-DAD aticad (, )-catechin, caffeic acid, (- e{plca ecin [195]
rutin, trans-resveratrol, quercetin
Vitis vinifera (cv. Sangiovese and Quercetin, rutin, cis-piceid, catechin, epicatechin,
Red grape T & Pomace HPLC-DAD epigallocatechin gallate, epicatechin gallate, [196]
Montepulciano) . . . a1 a1
epigallocatechin, gallic acid, vanillin, vanillic acid
Cultivars Chambourcin (hybrid), Malvidin chloride, gallic acid, catechin, delphinidin
Red grape 1\/'[e.rlot (\./itif vim’fe'm), Norton Pomace HPLC-DAD chlorifie, caffeic acid, cyan.idin chlori.de, p—coumar%c acid, [197]
(Vitis aestivalis), Petit Verdot (V. epicatechin gallate, rutin, quercetin-3-O-glucoside,
vinifera), Tinta Cao (V. vinifera) myricetin, resveratrol, quercetin hydrate, kaempferol
Gallic acid, protocatechuic acid, (+)-catechin, p-
hell hyd b ic acid, caffeic acid, (-)-epicatechi
Pistachios Pistacia vera L. She RP-HPLC-DAD ydroxybenzoic acid, caffeic acid, (-)-epicatechin, [198]
skin syringic acid, p-coumaric acid, hesperidin, quercetin,
apigenin
Catechin, epicatechin, quercetin-3-O-glucuronide,
White UPLC-DAD-MS and quercetin-3-O-glucoside, quercetin-3-O-rhamnoside,
grape Vitis vinifera Peel MALDI-TOE-MS for kaempferol-3-O-galactoside, kaempferol-3-O- [199]

proanthocyanidins

glucuronide, kaempferol-3-O-glucoside, quercetin,
kaempferol, oligomeric proanthocyanidins
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Scientific Plant Method of
Waste Name Part Identification Compounds Reference
Cis-3-caffeoylquinic acid, trans-3-caffeoylquinic acid, esculetin-O-hexoside, esculetin-C-
Arpus hexoside, 3,4-dihydroxybenzoic methyl ester-C-dihexoside, esculetin-hexoylpentoside,
HPLC-QTOEF- feruloylgl i is-3-caffeoylquinic aci ffeoylgl i is-5-caffeoylquinic aci

Jackfruit  heterophyllus Pecl C-QTO eruloylglucoside, cis-3-caffeoylquinic acid, caffeoylglucoside, cis-5-caffeoylquinic acid,

Lam MS/MS

2
trans-5-caffeoylquinic acid, trans-4-caffeoylquinic acid, procyanidin B, epicatechin, [200]
dihydroquercetin, prenyl-O-naringenin, prenylgenistein, pentenylnaringenin, hexenyl-
5,74 -trihydroxyflavan
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Another valorization study performed by Carullo et al. [195] aimed to enrich milk kefir with a
red grape cv. Sangiovese pomace extract during preparation to enhance the antioxidant potential of
the product. Grape pomace extracts used in the experiments were rich in (+)-catechin and (-)-
epicatechin with concentrations of 105 and 76 mg/mL, respectively. Furthermore, pomace-enriched
kefir milk enhanced the total phenolic content and the antioxidant capacity of kefir. Additionally,
pomace treatments improved the inhibitory capacity of carbohydrate and lipid metabolic enzymes
like a-amylase, a-glucosidase, and pancreatic lipase. However, the inhibitory rate of enriched-kefir
milk is significatively lower than that of acarbose and Orlistat. On the other hand, the inhibition of
lipase, a-amylase, and a-glucosidase was achieved in a potential functional product recommended
for regular intake, which might prevent diseases like diabetes and metabolic syndrome.

Another study using pomace as a functional ingredient was published by Urquiaga, Troncoso,
Mackenna, Urzua, Perez, Dicenta, de la Cerda, Amigo, Carreno, Echeverria, and Rigotti [23]. They
incorporated wine grape pomace to beef burgers in an attempt to improve antioxidant and metabolic
syndrome parameters. The studies were performed in a three-month intervention study, with 27 male
volunteers with metabolic syndrome. These individuals were administered one daily pomace-
supplemented burger, which had significantly higher phenolic and dietary fiber content (1.21 mg
gallic acid equivalents/g and 3.5 g, respectively) than those of control burgers (0.396 mg gallic acid
equivalents/g and 0 g, respectively). Red grape pomace burgers improved metabolic syndrome
factors like improved glycemia, enhanced the insulin sensibility, and decreased oxidative stress
(lowered oxidized low-density lipoprotein content, reduce advanced oxidation protein products, and
lower malondialdehyde content); furthermore, antioxidant enzymes were also enhanced. The report
by Ambigaipalan, et al. [189] showed pomegranate peel extracts exert inhibitory properties against
a-glucosidase and pancreatic lipase. In this sense, the esterified peel extracts showed higher
inhibitory rates against the enzymes with IC50 values of 0.99 and 10.77 mg/mL extracts for «-
glucosidase and lipase, respectively. The major phenolic compounds in pomegranate peel were gallic
acid and kaempferol-3-O-glucoside; these compounds were associated with the enzymatic inhibition.
However, previous reports have suggested that gallic acid is not a strong inhibitor of a-glucosidase,
whereas kaempferol (and some of its derivates) is a better inhibitor [185]. Hence, the enzymatic
inhibition might be attributed to a synergistic effect of the phenolics present in the pomegranate peel
extracts. Colantuono, Ferracane, and Vitaglione [20] evaluated the bioaccessibility and anti-obesity
potential of cookies, where the dough was enriched with 5 g of pomegranate peel. The phenolics from
pomegranate peel-enriched cookies had high contents of punicalagin, ellagic acid, castalagin, and
punicalin at the beginning of the gastrointestinal digestion; moreover, overall, the most abundant
compounds were ellagitannins, followed by ellagic acid derivates. Furthermore, at the end of the
gastrointestinal digestion, the most bioaccessible phenolics were ellagic acid and castalagin with
concentrations of 33.5 and 16.3 mg/100g, respectively. The pomegranate peel-enriched cookies’
enzyme inhibitory capacity at the duodenal phase of the gastrointestinal digestion showed inhibition
of a-glucosidase by 84% a-amylase and lipase were inhibited by 72% and 13%, respectively.

El-Hadary and Ramadan [190] also evaluated the potential of pomegranate peel extracts against
metabolic syndrome factors and diabetes. The authors performed an in-vivo study with alloxan-
induced diabetic adult Wister albino rats orally administered 200 mg/kg of the peel extract daily for
56 days. The major phenolics in pomegranate peel extracts were punicalagin, pyrogallol, and ellagic
acid. After 56 days, extracts from pomegranate waste decreased the levels of blood glucose, total lipid
cholesterol, LDL-C, and glycosylated hemoglobin levels. The authors attributed this effect to a
possible synergistic action of the phenolic compound in the pomegranate extracts.

Islam et al. [201] evaluated the a-glucosidase inhibitory potential of mango, jackfruit, pineapple,
papaya, litchi, and banana peels of extracts obtained by organic solvent, pressurized hot water, and
enzymatic-assisted (using Viscozyme L, a mixture of arabinose, cellulase, 3-glucanase, hemicellulase,
and xylanase) extraction. The authors reported that all the fruit peel extracts had a-glucosidase
inhibitory activity in a dose-dependent manner and that this inhibition was species and cultivar-
dependent. Additionally, in some cases, the extraction method also showed a significant effect on the
enzymatic inhibitory capacity of the extracts, which the authors correlate to the yield of phenolic
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acids and flavonoids in the extracts. However, the phenolic compounds were not identified by any
chromatographic analysis. Pistachio shell skin is another by-product that has been used in food waste
valorization studies. Kilic et al. [198] showed that pistachio shell skins are a source of phenolic acids
and flavonoids. The most abundant compounds were p-hydroxybenzoic acid, protocatechuic acid, (-
)-epicatechin, quercetin, apigenin, and quercetin. Pistachio waste showed a-amylase inhibition in
both mature and immature shell skin (3.72 and 4.91 mg of acarbose equivalents/g of extract,
respectively). However, it did not show any a-glucosidase inhibition.

Goss et al. [191] showed the antidiabetic potential of peel flour of Passiflora edulis Var. Flavicarpa rich
in caffeic acid and isoorientin (luteolin-6-C-glucoside) in male Wistar rats supplied with 10% fructose (to
simulate the intake of approximately 600 mL of high fructose soda) and supplemented with 30% P. edulis
peel flour extract. It was shown that Passiflora treatment prevented some factors related to the intake of
high-fructose beverages; for instance, treatments prevented the apparition of insulin resistance, increased
serum triglycerides levels, the growth of fat adiposities in the liver, and widening of adipocytes. Thus, it
is suggested that P. edulis can be used as a functional ingredient to prevent insulin resistance and hepatic
steatosis in rats. Further studies are needed to extrapolate these results to humans.

Moreover, Henriquez, et al. [202] used Granny Smith apple peel as a source of bioactive
compounds, like phenolics and dietary fiber, to enrich some food formulations. The authors
incorporated the apple peel powder into the formulations of muffins and puree. The concentrations
of apple powder used were 5.3% for apple puree and 14.3% for the muffins. The incorporation of
apple peel significantly increased the content of insoluble, soluble, and total dietary fiber in both
muffins and puree. The treatments also increased the antioxidant capacity of both food products.
Moreover, apple peel incorporation increased the a-glucosidase inhibitory capacity of muffins from
7.69% to 33.18%; the a-amylase inhibitory also increased from 22.58% to 35.54%, which might be
detrimental as it has been reported that concomitant inhibition of a-glucosidase and a-amylase can
cause gastrointestinal discomfort [203]. However, this effect was not observed for the enriched-apple
puree, which also showed higher enzyme inhibitory rates, which might be associated with the
formulation of the product even without apple peel-enrichment.

Several cultivars of white grape peel obtained from pomace were evaluated by Lavelli et al. [199].
The UPLC-DAD-MS analysis showed that peel extracts are a rich source of oligomeric
proanthocyanidins composed of catechin—epicatechin units and gallic acid ester derivatives. Moreover,
these extracts’ inhibitory activity on a-glucosidase ranged from IC50 values of 30.9-93.1 g gallic acid
equivalents/mL. On the other hand, the extracts showed higher a-amylase with IC50 values from 12.5
to 27.4 ug gallic acid equivalents/mL. As previously mentioned, it might be detrimental, as higher
amylase inhibition might cause gastrointestinal discomfort [203]. The peel from different citrus plants
was evaluated by Lim and Loh [204]. The authors assessed the peels of white Tambun pomelo, kaffir
lime, lime, and calamansi. It was reported that methanolic extracts from the samples inhibit both «a-
glucosidase and a-amylase, where calamansi bound compounds and white Tambun pomelo free
extracts had the highest a-glucosidase inhibition with 43.99% and 41.06%, respectively. The authors did
not identify the phenolics in the sample by any chromatographic instrument.

Ling, et al. [205] evaluated the hypolipidemic potential of the peel of citrus Changshan-huyou
in male LVG Syrian golden hamsters fed with a high-fat diet for two weeks and then administered
with 25, 50, and 100 mg/kg of Changshan-huyou citrus peel. The treated animals showed a significant
decrease in serum levels in a dose-dependent manner of total cholesterol, total triglycerides, and
lower content of low-density lipoprotein cholesterol. However, citrus peel did not affect body weight.
Moreover, the authors also showed that citrus peel treatment attenuated the parameters related to
pathological liver steatosis (like decreased alanine transaminase, aspartate transaminase, and alkaline
phosphatase) and less inflammatory infiltration (by reduced levels of TNF-a and IL-6) in a dose-
dependent manner. It was suggested that the bioactive effect of Changshan-huyou peel might be
partially attributed to the main flavonoids found in the peel samples like naringin, narirutin, and
neohesperidin. Peanut skin has also shown hypolipidemic properties as reported by Toomer et al.
[206], who tested the hypolipidemic potential of methanol extracts of peanut skins from blanched
Runner type peanuts on adult male C57BL6/] mice. Peanut peel extract was incorporated into the
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mice’s diet at 0.78% by weight, aiming to contain 130 mg polyphenols/kg body weight/day. Peanut
peel improved body weight and reduced hepatic cholesterol levels and lipid storage. Even though
the authors did not report any chromatographic identification of phenolic compounds, it has been
reported that peanut peel is rich in procyanidins, to which the effects, as mentioned earlier, might be
attributed. Peel extracts of Vitis vinifera L. rich in peonidin-3-O-glucoside, petunidin-3-O-glucoside,
malvidin-3-O-glucoside, and malvidin-3-(6-O-trans-p-coumaryl)-5-O-diglicoside were proven to
improve metabolic syndrome factors in high-fat diet-fed C57BL/6 male mice [15]. In this sense, the
research by Santos, de Bem, Cordeiro, da Costa, de Carvalho, da Rocha, da Costa, Ognibene, de
Moura, and Resende [15] incorporated 200 mg/kg of grape peel extracts orally administered to mice
for 12 weeks. In contrast to non-treated mice, peel extracts prevented both the development of
hyperglycemia and increased insulin levels during the treatment. Peel treatment also prevented body
weight gain and the development of hepatic steatosis in mice.

Although valorization studies have been reported in the last five years regarding the antidiabetic
and anti-obesity capacity of bioactive compounds like phenolics from pomace and peel waste, most
studies do not evaluate the cellular and molecular mechanisms of action of the reported potential
pharmacological effect. Most of the reported biological properties of phenolic compounds are
attributed to their antioxidant activity and their capacity to form nonspecific complexes with target
proteins involved in many non-communicable diseases like cancer, cardiovascular diseases, and
diabetes [207]. The interactions between phenolic compounds and biological proteins are mediated
through hydrophobic m-stacking interactions stabilized by hydrogen bonds or by the addition of
nucleophiles to oxidize quinones. Additionally, some studies suggest that proline residues are
essential to protein—phenolic binding [189,207,208]. The enzymatic mechanisms of action of phenolic
compounds on carbohydrate and lipid metabolic enzymes have been previously studied. For
instance, Xiao, Kai, Yamamoto, and Chen [185] state that the hydroxylation and galloylation of
flavonoids improve the a-glucosidase inhibitory capacity of phenolic compounds and that
caffeoylquinic acids show strong inhibitory capacity. However, some phenolic acids like
hydroxycinnamic acid, ferulic acid, and gallic acid are not suitable inhibitors. The degree of
glycosylation and hydroxylation also affects the inhibitory capacity of phenolics [185]. Moreover, the
authors also report that phenolic compounds inhibit a-glucosidase in a non-competitive manner.

Furthermore, scientists evaluated pancreatic lipase inhibition by natural compounds, because
obese patients are more commonly treated with Orlistat, a drug that inhibits pancreatic lipase.
However, natural alternatives are sought due to this medication’s adverse effect, such as
gastrointestinal discomfort, steatorrhea, oily feces, fecal incontinence, and potentially liver damage
[209]. Zhou, Zhou, Liu, Zhang, and Cai [33] performed a docking analysis on the inhibitory capacity
of caffeic acid and catechin against pancreatic lipase. Their computational analysis using the software
SYBYL-X 2.1.1 showed that catechin has more affinity towards the enzyme, as catechin binds to
pancreatic lipase with the amino acid residues Ala197, Pro194, Ser195, and Lys198 at the active site
by hydrogen bonds. On the other hand, caffeic acid binds to the amino acid residues Ala197, His224,
and Lys198 at the active site. However, caffeic acid shows shorter hydrogen bond distances than
catechin, which usually represent tight bounds and stronger inhibitory ability [33].

Moreover, as stated by Urquiaga, Troncoso, Mackenna, Urzua, Perez, Dicenta, de la Cerda,
Amigo, Carreno, Echeverria, and Rigotti [23], vegetable waste such as grape pomace contains a
variety of bioactive potential antidiabetic constituents such as dietary fiber, phenolic acids, and
flavonoids. This makes it difficult to understand the precise mechanisms of action, as the
experiments’ results might be the response of a synergistic effect of the bioactive components.
Furthermore, the possible association of the chemical components of pomace with the food matrix of
the product formulation might affect the bioaccessibility and bioavailability of the pomace phenolic
compounds. The food matrix has been reported as a factor that affects the bioaccessibility of phenolic
compounds, since the -OH radical of the phenolics might form a possible interaction between the
elements of dietary fiber or proteins [78,210]. Furthermore, the gastrointestinal tract is an
environment that facilitates the formation of free radicals and reactive oxygen species. Lipid-rich
foods might promote the production of lipid peroxidation and oxidation of dietary proteins. This is
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intriguing, since reactive species and free radicals have been associated with the development of
obesity and diabetes comorbidities [211]. Thus, pomace-enriched food products might prevent
damage by oxidative stress caused by food constituents and thus act as chemopreventive agents.

Overall, preliminary valorization studies show that peels from vegetable waste are a rich source
of phenolic acids and flavonoids and that extracts from these samples can inhibit enzymes involved
in the treatment of diabetes and metabolic syndrome. Furthermore, studies are limited to in vitro
techniques, and in some rare cases, the experiments asses in vivo studies. Each report also shows
different concentrations used in each assay; this makes comparison difficult and limits further
studies. Moreover, systematic studies incorporating metabolomic and bioavailability studies are
needed to assess the true antidiabetic, anti-obesity, and antimetabolic syndrome potential of
vegetable waste, as well as toxicity and pharmacokinetic studies.

5.3. Anti-Hypertensive

One of the key risk factors for developing cardiovascular disease is a persistent elevation in
blood pressure above 140/90 mm Hg. This has led to strategies aimed at finding molecules capable of
lowering high blood pressure. In this sense, among the several natural products, phenolic
compounds and bioactive peptides have been described with antihypertensive activity. Bioactive
peptides can act by inhibiting the activity of ACE and renin, thus lowering blood pressure. Most
studies report angiotensin-converting enzyme (ACE, EC 3.4.15.1) inhibitory properties. The ACE
enzyme participates in different blood pressure regulatory mechanisms by converting angiotensin I
into the potent vasoconstrictor angiotensin II and eliminating the vasodilator effects of bradykinin
through its degradation [212]. Figure 2 (own elaboration) shows the systems that regulate
vasodilation and vasoconstriction, as well as the changes associated with the presence of ACE
inhibitors. The renin-angiotensin—aldosterone system plays an important role in the physiological
mechanism to regulate blood pressure; it includes the transformation of angiotensinogen into
angiotensin I, a process that is catalyzed by renin secreted in the kidneys through the action of tissue
and plasma kallikrein, responsible also for the increase in bradykinin that acts as a vasodilator, which
in the presence of ACE is inactivated, generating mainly bradykinin 1-7 (Figure 2); and angiotensin I
is converted into angiotensin II (a potent vasoconstrictor) by the action of ACE (produced, for
example, in lung tissue); at the same time, this enzyme converts the vasoconstrictor (Figure 2).
Therefore, if a compound capable of inhibiting ACE activity is used, vasoconstriction is decreased,
and the concentration of the active form of vasodilator is increased, which results in a decrease in
blood pressure. Currently, synthetic ACE inhibitors such as captopril, ramipril, enalapril, lisinopril,
and alacepril are widely used, but these medications are associated with various side effects,
including coughing and angioedema, as well as other like rashes and reduced kidney function [213].
Therefore, in recent years, interest has grown to seek natural alternatives for antihypertensive
compounds, with bioactive peptides of food origin being the most promising until now. In this sense,
it has been reported that the enzymatic hydrolysis of proteins of vegetable waste are a rich source of
bioactive peptides with hypotensive properties (Table 5). These matrices include press cakes and
meals from the extraction oils from coconut [32], sweet almonds [214], walnuts [215], and rapeseed
[27,216,217]; cauliflower leaves and stems [129,218]; asparagus waste [219]; cherry waste [182]; seeds
from olive [220], tomato [29], plum [26] and peach [30]; date seed flour [181]; wheat bran [221], broken
rice [222], quinoa, and kiwicha [223]; barley after being used in brewing beer [224]; beans [225]; and
peanut [226]. Most of these bioactivity studies are performed in vitro, but there are evaluations of
peptides with antihypertensive activity in vivo using spontaneously hypertensive rats (SHR) as a
model. In this way, some peptides from a different matrix have been evaluated. In a study, three
peptides from hydrolyzed broccoli protein with ACE inhibitory activity in vitro and hypotensive
effect in vivo were isolated and identified; one of them, LVLPGELAK (ICs value 184 uM) generated
two new peptides simulating digestion: LVLPGE and LAK, both with high ACE inhibitory activity
(ICs0 values of 13.5 and 48.0 uM, respectively). LVLPGE caused a greater decrease in blood pressure
in SHR after one hour of oral administration (10 mg/kg of body weight) compared to captopril (5
mg/kg of body weight) [12]. The peptide IYSPH with ACE inhibitory activity (ICs value 39.5 pM)
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obtained by hydrolysis of peach seed proteins is capable of causing a significant reduction in systolic
blood pressure (-30 mmHg) in SHR after three to six hours of treatment [30]. On the other hand,
rapeseed meal from the oil extraction industry can be used to obtain different bioactive peptides,
among which the dual ACE/renin inhibitor peptides stand out: LY, RALP, and GHS, which were
administered via oral for five weeks at SHR, providing hypotensive effects through mechanisms
involving modulation of the expression of key enzymes and intermediates of the renin-angiotensin
system, such as ACE, ACE2, Ang II, and Ang- (1-7) [27].
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Kallikrein >
. f_ ﬁAngiotensinogen
{ Renin —
T Bradykinin ———> «——| ACE inhibitors
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Figure 2. General effects on blood pressure regulation by Angiotensin-Converting Enzyme (ACE)
Inhibitors.



Processes 2020, 8, 1566 25 of 46
Table 5. Antihypertensive peptides obtained by enzymatic hydrolysis from waste of vegetable food matrices.
Waste Source or Matrix Enzymes or Hydrolysis Conditions Peptide Sequence 2 (ICs0) *  Reference
Proteins from oils Coconut cake albumin Alcalase, flavourzyme, pepsin, and trypsin KAQYPYV (37.06 mM) [32]
manufacturing (sequential hydrolysis) KIITYN (58.72 mM)
KILIYG (53.31 mM)
Walnut (Juglans regia L.) meal Pepsin YEP (0.29 uM) [215]
Rapeseed meal Alcalase LY (0.11 mM, 1.87 mM¥) [27,216,2
TF (0.81 mM) 17]
RALP (0.65 mM, 0.97 mM*)
GHS (1.74 mM¥)
Sweet almond (Prunus armeniaca L.) Alcalase MHTDD (7.52 pug/mL) [214]
GHTDD (43.18 pg/mL)
Vegetable waste Cauliflower (Brassica oleracea L. var. Alcalase APYDPDWYYIR (2.59 uM) [129]
botrytis) leaves and stems SKGFTSPLF (15.26 uM)
VT (31.30 uM) [218]
Asparagus (Asparagus officinalis) Alcalase PDWFLLL (1.76 uM) [219]
ASQSIWLPGWL (4.02 uM)
Broccoli (Brassica oleracea var. italica cv. Chymotrypsin IPPAYTK (23.5 uM) [12]

Lvxiong 90)

LVLPGELAK (184.0 M)
TFQGPPHGIQVER (3.4
HM)

LVLPGE (13.5 uM)
LAK (48.0 uM)
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Table 5. Cont.

Waste Source or Matrix Enzymes or Hydrolysis Conditions Peptide Sequence 2 (ICso) b Reference
Seeds and others waste from Peach seed proteins Thermolysin IYSPH (39.5 uM) [30]
peeler/pitting process on fruits Olive (Olea europaea L.) seed Thermolysin LLPSY (39.9 uM) [220]
proteins
Cereals, pseudocereals, and legumes Cherry (Prunus Cerasus L.) Thermolysin n.r. (0.31 mg/mL) [182]
industry by products
Plum (Prunus domestica L.) Thermolysin n.r. (22.8 pug/mkL) [26]
seed
Date (Phoenix dactylifera L.) Alcalase and Thermolysin n.r. (0.53 mg/mL) [181]
seed flour
Tomato seeds Bacillus subtilis Fermentation DGVVYY (2 uM) [29]
Wheat bran Alcalase NL, QL, FL, HAL, AAVL, [221]
AKTVEF, TPLTR
Quinoa (Chenopodium Neutrase n.r. (0.08 mg/mL) [223]
quinoa)
Kiwicha (Amaranthus Alcalase-Neutrase (sequential n.r. (0.29 mg/mL)
caudatus) hydrolysis)
Broken rice Pepsin n.r. (0.87 mg/mL) [222]
Rice (Oyaza sativa) bran Tripsyn YSK (76 uM) [31]
Azufrado beans (Phaseolus Alcalase KFPWVK, GADFRKK, [227]
vulgaris L.) PQSPCKRVNRHS
Lima bean (Phaseolus Alcalase n.r. (30.3 ug/mL) [225]
lunatus) Flavourzyme n.r. (51.8 pg/mL)
Brewing industry: Brewers’ spent grain ~ Peanut (Arachis hypogaea) Alcalase KLYMRP (6.42 uM) [226]
Barley Alcalase, Corolase PP, Flavourzyme IVY (80.4 M) [224]

and Promod 144MG

ILDL (96.4 uM)

aPeptide sequences with ACE inhibition activity checke; n.r. not reported, generally the activity was assessed in fractions.

PIC50 = necessary concentration to inhibit 50% the ACE activity, determined by in-vitro test.
*IC50 of ACE inhibition activity assessed in-vivo.



Processes 2020, 8, 1566 27 of 46

Currently, the potential use of some waste of cereals and pseudocereals to obtain bioactive
peptides has been studied; consequently, a peptide fraction <1 KDa composed of seven peptides (NL,
QL, FL, HAL, AAVL, AKTVF, and TPLTR) from a hydrolyzed wheat bran protein was evaluated; the
fraction inhibited ACE and renin (in vitro 1 mg/mL of fraction have inhibition values of 84.25% and
75.19%, respectively) when administered orally in SHR (100 mg/kg of body weight), which resulted
in a decrease in systolic blood pressure (-35 mmHg) after 6 h of treatment [221]. In other studies, the
feasibility of using rice waste has been reported; in one of them, it was found that the protein
hydrolysis of rice bran can generate the tripeptide Tyr-Ser-Lys with high ACE inhibition activity [31];
for broken rice (an underused industrial by-product), it was determined that it is possible to generate
peptides with antihypertensive activity by hydrolysis with pepsin, achieving the isolation by RP-
HPLC of two fractions (<1.5 KDa) capable of inhibiting the ACE and renin activity. Both fractions
were characterized by molecular coupling studies and indicated that the octapeptide SPFWNIN had
the highest inhibitory potential [222]. Additionally, an in-silico prediction has been made to determine
the use of oats as a source of antihypertensive peptides, concluding that it is possible to synthesize
nine novel peptides with different efficacy in the inhibition of enzymes involved in the regulation of
blood pressure such as ACE (48.9-97.8%), renin (0-17.1%), and DPP-IV (0-22.2%) [228]. Others
evaluated in vitro the antihypertensive properties (inhibition of ACE-I) of quinoa and kiwicha protein
hydrolysates obtained by enzymatic hydrolysis with ICso values of 08 and 0.29 mg/mL, respectively,
with stable bioactive properties after simulated gastrointestinal digestion [223] so the use of waste
that could be generated in its industrialization is promising.

5.4. Anti-Cancer

Cancer is characterized by an uncontrolled cell proliferation, which occurs when genes
controlling cell growth and apoptosis are damaged. The induction of apoptosis is a target for
anticancer therapy [229]. Two pathways lead to apoptosis: the intrinsic mitochondria-mediated
pathway and the extrinsic pathway. The Bax/Bcl-2 ratio mediates the mitochondrial apoptotic
pathway. Bax is a proapoptotic protein, while Bcl-2 inhibits cell apoptosis. An increase in the Bax/Bcl-
2 ratio causes permeability of the mitochondria and release of cytochrome c to the cytosol, causing
caspases (Caspase 3 and 9) activation and the apoptotic response [22,230]. The extrinsic pathway is
by extracellular ligands through cognate death receptors such as tumor necrosis factor receptors
(TNFR) associated factors (TRAFs). TRAFs regulate the activation of nuclear factor kB (NF-«kB) and
mitogen-activated protein kinases (MAPKs). NF-kB in normal conditions is inactivated in the
cytoplasm, forming a complex with a family of inhibitory proteins, inhibitory kBs (IxBs), which
includes IxBa and IkBf3. However, in tumors, NF-kB is frequently activated and involved in tumor
growth and progression. In this sense, the activation of NF-«B is induced by signals of degradation
(phosphorylation) of IkBs, particularly of IkBa, promoting the NF-kB nuclear translocation.
Consequently, the expression of antiapoptotic genes; therefore, NF-kB is an important therapeutic
target in cancer [13,231,232]. Both the intrinsic and extrinsic pathways use caspases to carry out
apoptosis. These proteins are divided in initiator (caspase-2,-8,-9 and -10) and executioner (caspase-
3,-6 and -7) caspases [230].

Cell proliferation, angiogenesis, and metastasis are also key factors in cancer development. Cell
proliferation depends on four distinct phases of the cell cycle (GO/G1, S, G2, and M), regulated by cell
cycle proteins (cyclins and cyclin-dependent kinases, CDKs). CDKs inhibition led to cell cycle phases
arrest and provoked tumor cell senescence or apoptosis. For example, the inhibiting of CDK1 and cyclin
B induce cell cycle arrest at G2/M phase [233]. The G2/M phase arrest prevents cells from entering
mitosis when DNA is damaged [234]. Therefore, CDKs and cyclins are considered a target in anticancer
therapy [233]. On the other hand, angiogenesis plays an important role in tumor growth, maintenance,
and metastasis. Angiogenesis is regulated by pro-angiogenic factors, including vascular endothelial
growth factor (VEGF) and metalloproteinases (MMPs) such as MMP-2, MMP-9, and MMP-14 [235,236].
MMPs can also promote metastasis, cell migration, and cancer development [237].
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In-vivo and in-vitro studies have reported that terpenes and phytosterols extracted from plants
can be used as anticancer therapeutics on various types of cancer due to induce apoptosis and inhibit
tumor growth and metastasis through extrinsic and intrinsic pathways, regulation of cyclin-
dependent kinases and preventing of angiogenesis. Studies on antitumor effects of terpenes extracted
from plants have been reported. For example, a mixture of sesquiterpenoids ((3-caryophyllene, a-
humulene, humulene epoxide I, valencene, epi-a-selinene, y-muurolene, a-aryphyllene-oxide, and
trans-nerolidol) of essential oil extracted from Myrica rubra inhibits proliferation and induces
apoptosis by the increase of caspase 8 and 9 and effector caspases 3/7 in human colon carcinoma cell
line (Caco-2) [65]. Menon and Gopalakrishnan [238] indicated that a combination of mono and
sesquiterpenes isolated from Plectranthus hadiensis induce apoptosis in the HCT-15 cell line through
the increase in the expression of proapoptotic proteins Bax and capase 3 and the decrease
antiapoptotic protein Bcl-2 via the mitochondria-mediated pathway. Lee et al. [239] demonstrated
that B-myrcene from Pinus koraiensis cones at a concentration of 100 uM might promote anti-
metastatic activity in MDA-MB-231 via downregulation of NF-kB-mediated by MMP-9 expression.
A more recent study reported that terpenoids extracted from the essential oil of leaves of Teucruim
alopecurus such as oa-Bisabolol, (+)-epi-Bicyclosesquiphellandrene, and «-Cadinol exert their
anticancer effect in human myeloid leukemia (KBM-5) through inhibition of the NF-«B activation
mediated by the reduction of the phosphorylation of IkBa, downregulating the expression of proteins
involved to cell angiogenesis (VEGF) and metastasis (MMP9) [13]. An in vivo study reported that
oral administration (0.58 g/kg body weight/day for 13 days) of a combination of monoterpenes (a-
pinene and myrcene) of mastic oil extracted from the resin of Pistacia lentiscus inhibits the growth of
colon carcinoma tumors in Balb/c mice [240]. Hou, Zhang, Zhu, Zhou, Ren, Liang, and Guo [21]
revealed that a-pinene extracted from the essential oil of leaves of Boswellia dalzielii induced apoptosis
by increasing the apoptotic enzyme capase-3 and inhibiting the cell proliferation by G2/M phase arrest
in PA-1 human ovarian cancer cell lines.

Recent studies have shown the potential of phytosterols to alleviate breast, ovary, colon, bile
duct, and cervical cancer. Stigmasterol, combined with doxorubicin encapsulated within the nano-
hybrid liposome system, inhibits tumor growth in the MDA-MB-231 (breast cancer cell line) xenograft
tumor model [14]. In vitro, stigmasterol induces the apoptosis in human ovarian cancer cell lines
(ES2) by the increase in the mitochondrial depolarization; inhibition of PI3K/MAPK signal cascades,
which are frequently activated in ovarian cancer and thus are pivotal in cancer cell proliferation;
decrease MMPs (MMP2, MMP9, and MMP14) expression levels and VEGFA: increase of endoplasmic
reticulum stress-sensor protein levels and inhibition of the cell cycle progression [241].
Intraperitoneal administration (10 mg/kg) of lupeol or stigmasterol or a combination of both
phytosterols suppress the growth tumor of human cholangiocarcinoma xenograft models in nude
mice by disrupting the growth and migration of the host endothelial cells and consequently
preventing the tumor angiogenesis [242]. There are few reports on the anticancer effect of
phytosterols extracted from plants, which show that these natural compounds could constitute an
alternative as therapeutic agents against cancer. In this regard, Gajendran, Durai, Varier, and
Chinnasamy [22] reported that Rinoxia B (4 and 10 pM), a phytosterol isolated from leaf extract of
Datura inoxia, induces apoptosis via upregulation Bax/Bcl-2 ratio and inhibits cell proliferation
through downregulation of cell cycle regulatory proteins (Cyclidin D1 and B1) and G2/M arrest in
HCT 15 human colon adenocarcinoma cell line. Meanwhile Alvarez-Sala, et al. [243] indicated that
phytosterols ([3-sitosterol, sitostanol, campesterol, campestanol, and stigmasterol) from tall oil (13
puM) exert an antiproliferative effect in the breast (MCF-7), colon (HCT116), and cervical (HeLa)
cancer cell lines, through the increase of sub-G1 cell population (apoptotic cells).

Although there are many studies on the anticancer effects of terpenes and phytosterols, clinical
studies in humans are needed to confirm the findings reported both in vitro as in mice models.
Additionally, based on revised studies, it is highly recommended to explore and evaluate the
anticancer effect of phytosterols from fruit waste, such as apple, papaya, and guava seed oils
containing significant amounts of stigamasterol and 3-sitosterol [35].
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5.5. Anti-Bacterial

Plants contain numerous bioactive compounds that provide diverse properties and beneficial
effects for human health [244,245]. The literature describes a wide variety of bioactive compounds
from fruit and vegetables, including phenolic compounds, phytosterols, saponins, aldehydes, and
terpenoids, which are gaining scientific interest and exhibit antioxidant, anti-inflammatory,
immunomodulatory, antiviral, and antibacterial activities [246-251]. Antibacterial activity of
phenolic compounds such as myricetin, bacalein, pyrogallic acid, resveratrol, epigallocatechin,
punicalagin, tannic acid, castalagin, prodelphinidin, geraniin, procyanidins, and theaflavin have been
reported. These compounds present an inhibitory effect on the growth of bacteria species, including
pathogens as Aeromonas hydrophila, Bacillus brevis, Bacillus cereus, Bacillus megaterium, Bacillus subtilis,
Enterobacter aerogenes, Enterobacter sakazakii, Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae,
Listeria  monocytogenes, Mycobacterium smegmatis, Proteus wvulgaris, Pseudomonas aeruginosa,
Staphylococcus aureus, Salmonella typhimurium, and Vibrio cholerae, among others [252-254].

The antibacterial activity of phenolic compounds is mainly associated with damage to the
membrane structure [255,256]. The action over Gram-positive and Gram-negative bacteria varies due
to bacteria cell membrane structure [257]; some phenolic compounds have lower affinity to
negatively charged lipopolysaccharides, thus reducing the affinity of these compounds to Gram-
negative bacteria [258]. For instance, Bouarab-Chibane et al. [259] studied the effect of 35 polyphenols
compounds in six foodborne strains (B. subtilis, L. monocytogenes, S. aureus, E. coli, P. aeruginosa, and
Salmonella spp.); obtained results demonstrated that resveratrol and pinosylvin presented
antibacterial activity against the Gram-positive bacteria. Caffeic acid 1,1-dimethylallyl ester showed
antibacterial activity against Gram-negative bacteria. The mechanisms of action of phenolic
compounds on bacterial cell membranes have been attributed to the disruption of the lipid bilayer,
increasing permeability in the outer and inner membrane, altering the ion transport processes,
producing lipid membrane aggregation, and affecting the membrane fluidity [255,260-262].

Epigallocatechin-3-gallate (EGCG) is a biological active polyphenol compound, commonly
found in green tea and grape seeds, that presents a wide spectrum of activity against Gram-positive
and Gram-negative bacteria [257,263]. The inhibitory mechanisms of EGCG against bacteria have
been reported by several pathogens such as B. subtilis, Campylobacter jejuni, E. coli, P. aeruginosa,
Stenotrophomonas maltophilia, S. aureus, S. typhimurium, Helicobacter pylori, and V. cholerae [263-271].
EGCG is capable of inhibiting the adherence to epithelial cells and reducing the hemolysis capability
of Fusobacterium nucleatum [272], enhancing the integrity of the epithelial barrier of the host cell by
inducing overexpression of tight junctions proteins (ZO-1 and occludin), thus avoiding the disruption
of the epithelial barrier caused by Porphyromonas gingivalis [273]. Phenolic compounds obtained from
grape extracts have been reported to present an inhibitory effect against bacteria and their toxins
[254,274,275]. Reddy et al. [276] reported that phenolic compounds from grape extracts could disrupt
the action of V. cholerae toxin (CT). In assays with CHO cells, the polyphenol extracts blocked the CT
binding to the cell surface, inhibited the toxin translocation to the cytosol, and disrupted the catalytic
activity of CT subunits of the polyphenols extract were evident even after toxin internalization into
the host cell. Furthermore, Cherubin, Garcia, Curtis, Britt, Craft, Burress, Berndt, Reddy, Guyette,
Zheng, Huo, Quinones, Briggs, and Teter [265] found that the combination of grape extract
compounds as EGCG and procyanidin B2 (PB2) prevent CT binding to the cell surface in a dose-
dependent manner (1.7 ug/mL); those authors suggest that EGCG and PB2 inhibited the CT activity
against cultured cells by disrupting the interactions with the surface receptor (GM1) of the host
plasma membrane.

The polyphenols are also involucrate in the modulation of the metabolic system and genes
inhibition; the antibacterial activity of tannins is associated with producing morphological and
structural alterations in the cell wall of S. aureus via suppression of genes involved in RNA and
protein synthesis [256]; procyanidins are capable of altering the metabolic energy systems, resulting
in a slowdown of metabolism and bacterial growth inhibition [277]. Biancalani et al. [278] reported
the effect of nine phenolic compounds (catechin, epicathechin, epigallocatechin gallate, oleuropein,
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hydroxytyrosol, luteolin-7-O-glucoside, caffeic acid, chlorogenic acid, cynarine) obtained from Olea
europaea, Cynara scolymus, and Vitis vinifera, most of them affect the assembly of the Type Three
Secretion System (TTSS) translocation pilus via inactivation of the gene hrpA; nevertheless, authors
indicate that the effect does not present a diminution of the growth of Pseudomonas savastanoi.

Quorum sensing (QS) is a molecular communication system of bacteria. Genes implicated in QS
control various phenotypes, including bioluminescence, biofilm formation, drug resistance, virulence
factors expression, and motility [279]. Recent studies have demonstrated that phenolic compounds
are implicated in the process of regulating the bacteria growth by targeting the QS system [280,281].
Mostafa et al. [282] detected 38 metabolites obtained from Salix fetrasperma extract that exhibit
proteolytic, hemolytic, and motility inhibition in assays with P. aeruginosa. These authors indicate
that epicatechin, (epi)catechin-(epi)catechin, p-hydroxy benzoyl galloyl glucose, p-hydroxy benzoyl
protocatechuic acid glucose, and caffeoylmalic acid affect QS controlling systems (Lasl/LasR,
rhll/rhIR, and PQS/Mv({R) of the pathogen. Similar results were obtained in vitro treatment. Yin et al.
[283] indicate that tea extract affects proteolytic activity, swarming motility, and biofilm formation,
resulting in the reduction of pathogenicity of the strain. Carraro et al. [191] reported that polyphenolic
compounds are capable of inhibiting key genes (bhsA, csgC, rcsA, bssS, bssR, ydaM, yddV, yhjH)
involved in the biofilm formation of E. coli [284]. Similar results have been reported for other phenolic
compounds, such as pyrogallol and methyl gallate in different bacteria, including Vibrio harveyi,
Ralstonia solanacearum, and P. aeruginosa [285-287].

The antibacterial activity of phenolic compounds can also impact the composition and function of
the human gut microbiota. These compounds can increase beneficial bacteria species (Bifidobacterium
spp) or inhibit pathogenic bacteria such as Clostridium perfringens, C. difficile, and Bacteroides spp. [288—
290]. Therefore, the effect of the phenolic compounds from plant waste on human gut microbiota is an
important area of scientific interest that deserves to be researched in detail.

6. Conclusions and Future Perspectives

The use of non-conventional extraction technologies or green technologies to obtain antioxidant
molecules such as terpenes, phenolic compounds, phytosterols, and bioactive peptides from plant
waste has increased in recent years in order to exploit and give added value to this type of waste,
reduce environmental impact, obtain high quality extracts, safe products, reduce energy and solvent
consumption, and increase the yield of the final product. Likewise, the number of studies focused on
optimizing the conditions of the recovery process of this type of molecule has augmented, due to the
nature of the plant material and the structural chemical differences (hydrophilicity and lipophilicity)
presented by the antioxidant molecules discussed here, which have been widely studied due to their
potential to prevent or treat cardiovascular diseases and others related to metabolic syndrome.
However, although there is a wide variety of studies on the potential benefit of antioxidant molecules
on human health, clinical studies are needed to confirm the findings reported both in vitro in animal
models.

Extraction of antioxidant molecules by SFE represents a viable option for its potential use at an
industrial scale. Antioxidants obtained by SFE maintain their chemical structure and functional
properties. Furthermore, the solvent CO:z used in SFE is safe and available. Additionally, SFE is already
being used in industrial processes, such as coffee decaffeination, which reveals its scalable potential.
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