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Abstract: The beneficial nutrients and biologically active ingredients extracted from plants have
received great attention in the prevention and treatment of several diseases, including hypercholes-
terolemic, cancer, diabetes, cardiovascular disorders, hypoglycemic, hypolipidemic, edema, joint pain,
weight control, eye vision problems, neuroprotective effects, and asthma. Highly active ingredients
predominantly exist in fruit and cladodes, known as phytochemicals (rich contents of minerals, beta-
lains, carbohydrates, vitamins, antioxidants, polyphenols, and taurine), which are renowned for their
beneficial properties in relation to human health. Polyphenols are widely present in plants and have
demonstrated pharmacological ability through their antimicrobial, anti-inflammatory, anti-bacterial,
and antioxidant capacity, and the multi-role act of Opuntia ficus indica makes it suitable for current
and future usage in cosmetics for moisturizing, skin improvement, and wound care, as healthful
food for essential amino acids, as macro and micro elements for body growth, in building materials
as an eco-friendly and sustainable material, as a bio-composite, and as an insulator. However, a
more comprehensive understanding and extensive research on the diverse array of phytochemical
properties of cactus pear are needed. This review therefore aims to gather and discuss the existing
literature on the chemical composition and potential applications of cactus pear extracts, as well as
highlight promising directions for future research on this valuable plant.

Keywords: Opuntia ficus indica; antioxidants; carbohydrates; healthful food; biologically active
ingredients; cosmetics; building materials

1. Introduction

The natural extracts obtained from seeds and plants that are present in natural sur-
roundings, finding the novelty of advantages linked to their consumption, supported,
promoted, and organized studies in the field of natural extraction and its uses. Therefore,
extracts from natural plants and their components from family units of Opuntia have been
explored [1]. Opuntia ficus indica (OFI) is a major source of fruit and is found in semiarid
and arid regions of several countries in the world, including Italy, Spain, Mexico, South
Africa, the Middle East, Australia, and North, Central, and South America. For industrial
purposes, it is also cultivated on a suitable surface [2]. Cactus fruit produced by OFI is
called nopal fruit or cactus figs. It has an oval shape, and the length is up to 3 cm, generally
(Figure 1).

Opuntia is a xerophyte plant (that means it is able to survive in conditions poor in
liquid water) that contains 200 to 300 species. The three most important types are produced
in Italy and Spain. In South African kinds, cladodes with a variety of shapes exist, while
in Chile, a popular variety of fruit is green in color, even when it is ripe [3,4]. The color
shades of OFI fruits are generally red, orange, magenta, and lime green. The difference
in color is due to the inequality in the constituent pigments present in it [5]. The plant is
able to survive in harsh environments due to its succulent leaves, which play an important
role in thermal regulation, drought resistance, and water storage ability. The plant is
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appealing as food because of its productivity in changing into dry matter; therefore, it gives
edible energy. OFI species succulent pads act as a source of mineral water in dry areas
for livestock across the globe and provide essential feed supply to fodder [6]. OFI crops
are important food resources in forest-adjacent areas, especially during drought periods,
supporting both humans and local mammals. These crops are highly valuable due to
their abundance of antioxidants like ascorbic acid and flavonoids, which offer significant
health benefits [7]. Due to being fleshy and sweet, OFI is a source of refreshment, jams,
and juices. The fermented juice of OFI is used to produce C;HsOH [8], and many types
of alcoholic compounds are also obtained from the Opuntia plant [9]. Moreover, in the
last decade, OFI derivatives have been investigated for application in packaging materials.
Indeed, the incorporation of nano-emulsified bioactive compounds into gelatine films
improves mechanical properties such as Young’s modulus, tensile strength, and percentage
elongation [10]. Usually, the cactus plant is considered a source of fruits and vegetables, a
polymer for cosmetic and medicinal purposes, erosion control, and the bioremediation of
wastewater, and as a coagulant, natural color, biofuel, and building material. However, its
uses are often restricted to countries of origin [11]. The common names used for Opuntia
ficus indica (L.) Miller are nopal, spinless cacti, cactus-pear, tuna cactus, Indian Figure,
and prickly pear [12,13]. OFI crops are a major food resource during drought periods in
areas near forests, where humans and local mammals rely on them for sustenance. Its
consumption as food makes it a valuable source of pure antioxidants, such as ascorbic acid
and flavonoids.

if
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Figure 1. Representation of (A) fruit, (B) flower, and (C) OFI plant.

The keywords Opuntia ficus indica were applied to analyze literature in two familiar
databases, which have shown the rising number of scientific articles on this subject in the
most recent decade, as reported in Figure 2. The trend in the number of scientific articles
related to OFI highlights the large and increasing interest in this topic.

This review covers the developments in the area of the chemical and pharmacological
properties of relevant compounds separated from the anti-aerial components (cladodes,
fruits, and flowers) of OFI. Furthermore, the main current and future uses in human foods,
medicinal applications, disease prevention and rehabilitation, cosmetics, the bioremediation
of wastewaters, building materials, and clean-energy production will be highlighted.
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Figure 2. Articles published on Opuntia ficus indica vs. years in renowned technical databases.

2. Nutritional and Phytochemicals

Though morphological standards do not match, in the literature, the term cactus leaves
is commonly used for flattened stem segments of the OFI plant (see Figure 1). Stems are
generally made of the colorless medullar parenchyma, with the pale green khloros-phyllon
enclosing the photosynthetic efficient agent. The latter is enclosed together with the spines
(altered leaves) and the trichomes or numerous cellular hairs, both producing the named
areole, which is a typical fellows feature in forming the Cactaceae unit family. Opuntioideae
is a subfamily depicted with harsh, short thorns and spines, named glochids. The areole
is the flower source [4]. Glochids are made of purely 100% crystal-clear cellulose [14].
Generally, spines are composed of 96.00% polysaccharides, which are further divided:
49.70% cellulose and 50.30% arabinan. The rest are fats, ash-powder, and crude-waxes,
and the residual is lignin. The length of cellulose p-fibril is 0.04 mm, and the diameter is
6-10 pum; it is loosely imbedded and exists parallelly in an arabinan matrix. The latter is
found in the solid gel, which is partly strongly woven with cellulose [15]. This polymer
was a 50:50 combination of natural arabinan cellulose composite and swollen gel, without
the natural components of hemicelluloses [16]. The spine’s length is 3.0 cm, and it repre-
sents 8.40% of the overall cladode mass. They have automated safety functions for the
phytophage, light replication, stem shielding, and, therefore, decreasing water dropping [4].

The composition of cladodes depends on multiple factors, such as edaphic factors
(physical and chemical characteristics of soil, including pH, salinity, and structure) in the
farming area, the weather conditions during the growth season, and the availability of
nutrient levels during growth [17-19]. The different varieties and breeds have different
nutritional contents and vary across different regions. There is no universally accepted
standard for determining their specific nutritive values. The composition of de-barded
cladodes has been studied by Mohamed E. Malainine [20]. The sample of 100.00 g of
dehydrated matter has 19.60 g of ash, 3.60 g of lignin, 7.20 g of lipids and waxes, 21.60 g
of cellulose, and 48.00 g of the additional polysaccharides, although unrefined proteins
were not evaluated. Researchers [17,20-22] stated that 100.00 g dry cladodes include
64.00-71.00 g of carbohydrates, 19.00-23.50 g of ash, 18.00 g of fibers, 1.00—-4.00 g of lipids,
and 4.00-10.00 g of proteins (complex molecules), including 1.00-2.00 g of digestive pro-
teins. The quantity of active compounds in 100.00 g of fresh cladode is 3.00-7.00 g of
carbohydrates, 1.0-2.00 g of minerals, 0.20 g of lipids, 0.50-1.00 g of proteins, and 1.00 g of
fibrous substances [17,23]. Fresh cladodes showed greater protein and H,O contents. Re-
markably, the 112.00 kg/ha of phosphate supplementation (e.g., Diammonium Phosphate
(DAP), Monoammonium Phosphate (MAP), and NPKs) enhanced the minimal cladodes
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phosphate content, which plays a key role in the development and metabolism of the
plant [24]. The fibrous structure of a plant during growth is formed in the cortex and
decayed in the core. Overall, fibers and proteins decrease with time [17,24,25]. The large
fiber contents and calcium are valuable. Moreover, cladodes are determined to be more
beneficial than lettuce due to their natural composition pattern [23,24]. Furthermore, the
88.00-95.00% water content makes cladodes a low-calorie diet, with 27 kcal /100 g [26]. The
corresponding compounds given in the literature are summarized in Table 1.

Table 1. Opuntia cladodes chemical composition (g/100 g).

Fresh Weight Dry Weight References
Water 88-95 -
Ash 1-2 19-23
Protein 0.5-1 4-10 [14,17,19,21-23]
Lipids 0.2 1-4
Carbohydrate 3-7 64-71

2.1. Nutritional Profile
2.1.1. Carbohydrates

The OFI contains several kinds of carbohydrates. One of the sugars found in OFl is a
form of fructose named inulin, a soluble fiber that exists in many plant-based foods. Inulin
works as a prebiotic, improves Ca absorption ability, has cholesterol-lowering effects and a
low glycemic index, boosts heart health, decreases general calorie intake, and is effective for
weight control. The important carbohydrates stated in OFI are galactose, galacturonic acid,
and glucose. The high sugar contents observed are due to the presence of glucose (9.30 to
12.00 g/100 g), oxidized d-galactose (6.5 to 8.8 g/100 g), pectinose (1.5 to 2 g/100 g), and
D-xylose (1.9 to 2.01 g/100 g), which were detected at lower levels, while rhamnose (0.35 to
0.79 g/100 g) was found in trace amounts. The monomeric sugar content analysis from
the dry sample of cladode obtained from south Italy has the same report, confirming the
large content of dextrose (15.3 g/100 g), hexuronic acid (9.6 g/100 g), and glucose lactique
(3.3 g/100 g) [27]. These special properties make cactus pear sweet, a very good natural
food, and an additive in different food materials.

2.1.2. Proteins

Amino acids present very important functions in human beings’ fitness and biology.
They create proteins, which are essential for organ and tissue development, repair, and
preservation. They are involved in metabolic activities (making energy, hormones, and
neurotransmitters), immune functions, wound healing, muscle development and repair,
adjusting appetite, feeling, and sleep [28-30]. The majority of amino acids observed in the
cactus cladode are glutamine, and the rest are lysine, valine, leucine, arginine, isoleucine,
and phenylalanine. In seed, glutamic acid is found as the major amino acid, varying in
percentage from 15.73% to 20.27%, followed by arginine, (4.81% to 14.62%) [28,29]. By
contrast, the main amino acids in cactus fruits of total amino acid contents are proline (46%)
and taurine (15.78%), while ornithine is the only amino acid that is present in trace amounts
in cladode, seed, and fruit. Therefore, pulp, fruit, and seeds can be counted as extremely
great sources of amino acids [28,30-32] (see Table 2). Humans need to consume a balanced
diet to obtain key amino acids, especially lysine, isoleucine, valine, and leucine, which are
essential to the human body.

2.1.3. Fats

The fatty acids are essential for human beings’ health and are present in a lot of
food stuff (plant-based and animal goods). Fatty acids help maintain good eye health,
reduce age-related vision difficulties, lower joint pain, enhance joint flexibility, and are
beneficial for brain function and growth. A general representation of fatty acids is reported
in Figure 3.
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Table 2. The compositions of the amino acids content in OFI fruit, cladodes, and seeds in (g/100 g).

Amino Acids Cladodes Seeds Fruits References
Glutamine 36.12 Trace 12.59
Glutamic acid 5.43 21.68 2.40
Arginine 5.01 6.63 1.11
Leucine 2.71 9.94 0.74
Lysine 5.22 6.79 0.63
Isoleucine 3.97 6.20 1.13
Phenylalanine 3.55 5.25 0.85 [31,32]
Valine 7.72 6.02 1.43
Proline Trace Trace 46
Taurine Trace Trace 15.79
Citrulline Trace Trace 0.59
Glycine Trace Trace 5.06
Ornithine Trace Trace Trace
0]
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Figure 3. General representation of (A) saturated and (B) un-saturated fatty acids.

Studies on the extracted lipids from the seed, pulp, and skin of OFI [33] reported that
the maximum quantity of palmitic acid (C16:0) was found in cladode skin (20.76 g/100 g).
A large quantity of oleic acid (C18:1) exists in pulp (23.26 g/100 g); the maximum amount
of linoleic acid (C18:2) was found in pulp (48.86 g/100 g), while a quantity of 11.44 g/100 g
of linolenic acid (C18:3) was found in skin (Table 3). Trace amounts of polyunsaturated
fatty acids, eicosenoic acids, and eicosatetraenoic acids were observed in the skin, seed,
and pulp, respectively. The unsaturated acids (Z)-octadec-9-enoic acid (C18:1) and cis,
cis-9,12-Octadecadienoic acid (C18:2) represent 90% of all fatty acids calculated [31,33].

Table 3. Fatty acid (g/100 g) distribution in the pulp, skin, and seed of the OFIL.

FA. Seed Pulp Skin Reference
Arachidic acid 0.32 0.15 0.01
Stearic acid 3.45 4.96 2.65
Palmitic acid 10.35 16.83 20.76
SFA 14.2 21.94 23.42
Eicosenoic acid 0.42 0.25 1.05
Oleic acid 20.86 23.26 13.56

Heptadecanoic acid 0.12 0.57 0.50 [33]

Palmitoleic acid 1.02 0.97 1.09
MUFA 22.42 25.05 16.21
Arachidonic acid 0.32 0.75 0.92
a-Linolenic acid 0.29 3.26 11.44
Linoleic acid 61.11 48.97 47.85

PUFA 61.71 52.93 60.21
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2.1.4. Vitamins

Vitamins play a key role in human growth, immune system protection, and metabolic
stability. The basic vitamins necessary for human health are Vitamin A (which stabilizes
vision and promotes healthy skin), Vitamin C (which is an antioxidant and helps the
immune system), Vitamin D (which enhances calcium absorption and bone strength),
Vitamin E (which protects cells from destruction), and the B-complex vitamins, which
maintain good nerve function and energy consumption. The OFI contains a significant
quantity of vitamins (see Table 4). The concentration of vitamins in different portions
of OFI varies and depends on the area of harvest [27]. The fruit, specifically its pulp, is
enriched in ascorbic acid at levels up to 478.82 mg/100 g (Table 5); however, the skin from
the fruits has a low concentration of o-tocopherol (26 mg/100 g) [34,35]. A rich quantity of
a-Tocopherol (1760 mg/100 g) is also extracted from the fruit’s skin (Table 5). The amount
of ascorbic acid in cactus pear is 7 to 22 mg /100 g. Ascorbic acid, a-Tocopherol, and other
tocopherols are present in all parts of the plant [35-37]. Folic acid, thiamine, pyridoxine,
riboflavin, niacin, and lycopene are present in trace amounts only in the fruit pulp, while
in cladodes, thiamine and niacin are present in trace amounts. [36]. Since vitamins are
significant molecules for humans and adequate consumption is necessary for the correct
implementation of many physiological activities, OFI represents a good source of them.

Table 4. Vitamins (mg/100 g) present in different components of OFIL

Fruit Pulp Skin Cladode References

Alpha Tocopherol 84.9 1760 1.76
Beta Tocopherol 12.6 222 —-
Gamma Tocopherol 7.9 174 -
o-Tocopherol 422 26 -
Ascorbic acid 478.72 59.82 7-22
Vitamin K1 53.2 w0 -

Total tocopherols 527.40 2182.00 2.180 [34-37]
Thiamine 0.008 - 0.14
Riboflavin 0.006 @ - 0.60
Niacin 0.307 —- 0.46
Folic acid 0782 -
Pyridoxine 0.021 e e
Lycopene 0026 0 -

Table 5. Inorganic mineral composition of Opuntia peels, cladodes, fruits, and seeds (mg/100 g).

Mineral Cladode Fruit Peel Seed References
Eiv[acro Mg 63.4 16.1-984  195.76 316.59
ements
Na 18.7 1.1 183.42 48.33
K 108.8 90-220 63.45 304.51
Tace Ca 316.5 12.8-59 188.58 480.93 [31,33,38-43]
P 0.05 15-32.8 - 14715
Elements
Mn 37.8 0.78 18 4.35
Fe 25.9 15 25.58 11.7
Zn 12.6 5.05 17.58 70.77
Cu 0.01 0.21 947 2.1

2.1.5. Inorganic Minerals

Inorganic minerals play an essential role in human physical health and physiological
activities and keep many bodily activities within limits. The basic inorganic minerals
and nutrients are needed on a small scale to sustain a good physical condition. These
minerals are taken from numerous dietary nutritional sources. From the micro element,
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Zn is good for oxidative and antibacterial action. Co is for red blood cell formation, and
Fe is for genetics, cytokine secretion, proteins, and pharmacological actions [38]. From
the macro element, Mg is good for nerve regulation and muscles, Ca is for bone strength,
and Na is for fluid balance. A significant number of inorganic minerals are present in
OFI cladodes, seeds, and fruit. Table 5 shows the composition of the mineral content of
OFI Calcium and potassium are the main minerals, amounting, in the total ash content
in dry matter, to 316.5 mg/100 g and 108.8 mg/100 g, respectively [39,40], while in seeds,
potassium is 304.51 mg /100 g and calcium is 480.93 mg/100 g. Copper is the mineral with
the lowest amount in total dry matter: 0.01 mg/100 g in cladodes, 0.21 mg/100 g in fruit,
9.47 mg/100 g in the peel, and 2.1 mg/100 g in seeds, respectively. Chromium and nickel
are present in seeds only [41,42]. The considered standard values should be precise figures
because the minerals and concentration differ with classes, cultivation spots, and the
biological condition of the cladode tissue and seeds.

2.2. Phytochemicals
2.2.1. Polyphenolic Compounds

Polyphenolic compounds belong to a class of organic compounds commonly found
in the plant kingdom. This class is divided into four major groups, which are stilbenes,
flavonoids, lignans, and suberin-acids. These compounds control cell destruction initiated
by oxidative stress and free radicals, enhance blood flow, minimize the threat of heart dis-
ease, decrease neurodegenerative ailments, and improve cognitive function. The common
assembly of OFI polyphenols is represented in Figure 4.

A R B
(A) N ®
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R2 OH
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Figure 4. General forms of OFI polyphenols: (A) general form of flavonols, (B) general form of
hydroxycinnamates, (C) general form of flavonoids, (D) general form of flavones.

As the name suggests, polyphenolic compounds are characterized by the presence
of various phenolic groups, which may be linked with low- or high-molecular-weight
groups of chemicals to form their structures [44]. These compounds are by-products of
plant metabolism [45]. The growing interest in polyphenolic compounds is due to their
antioxidant ability [46] and health benefits [47]. Polyphonic compounds are present in
all components of the cactus plant, such as a variety of polyphenolic acids and
flavonoids (Table 6). The flower contains gallic acid as the main compound of dry matter
(4900 mg/100 g), along with 6-isorhamnetin-3-O-robinobioside (Cy3H3,014) at a concentra-
tion of 4269.00 mg/100 g [48-50]. The remaining polyphenolic compounds have appeared
on a small scale (Table 4). The pulp of OFI fruit is a rich source of phenolic content, with
218.80 mg/100 g present in the pulp [51]. Additionally, the isorhamnetin glycoside is
present in a significant amount, 50.60 mg/100 g, in comparison to other flavonoids [52-55].
The fruit seeds are also high in polyphenolic compounds, including tannins and feruloyl
derivatives [56] (Table 4). Notably, the fruit crust contains a remarkable (45.7 g/100 g)
phenolic content; among the various phenolic compounds present, many have been
found to have bioactive properties, particularly the derivatives of flavonoid quercetin
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and kaempferol (both are beneficial for heart diseases, Alzheimer diseases, anti-cancer ef-
fects, arthritis, and diabetes and improve memory function); the contents are 0.22 mg/100 g
and 4.32 mg/100 g, respectively [7,53,57]. The highest significant source of flavonoids and
polyphenolic compounds is the cactus flower. In particular, some types of cacti that have
cladodes yield a diverse range of phenolic compounds. The Phaeacantha cactus contains a
rich quantity of rare compounds of flavonoids such as narcissin (137.10 mg/0.1 kg) and
nicotiflorin (146.50 mg/0.1 kg) (see Table 6). In addition, it contains a significant amount of
isoquercetin (39.70 mg/100 g) and ferulic acid (34.8 mg/100 g) [55,58,59]. The variations
in the polyphenolic contents of cacti can be explained by the nature of the soil, climate,
cladode age, and environment. It is valuable to take a diet with wealthy polyphenolic
compounds to obtain a full array of advantages.

Table 6. Polyphenolic contents (mg/100 g) of the seed, skin, pulp, flower, and cladode of OFL

Compounds Contents Sources References
Gallic acid 0.64-2.37
3,4-dihydroxybenzoic 0.06-5.02
4-hydroxybenzoic 0.5-4.72
Coumaric 14.08-16.18
Narcissin 14.69-137.1
Rutin 2.36-26.17 Cladode [55,58-60]
Nicotiflorin 2.89-146.5
Isorhamnetin-3-O-glucoside 4.59-32.21
Isoquercetin 2.29-39.67
Salicylicacid 0.58-3.54
Ferulicacid 0.56-34.77
Total phenolic acid 48-89
Total Flavonoids 1.5-2.6
Sinapoyl-diglucoside 12.6-234
Total Tooming 41-6.6 Seed [56]
Feruloyl-Saccharose 1 7.36-17.62
Feruloyl-Saccharose 2 29-17.1
Gallic acid 1630-4900
Kaempferol-3-O-Rutinoside 400
Isoquercitrin 447
Isorh;}mnet1n—3—Q—R0b1nob1051de 4269 Flower [48-50,61]
sorhamnetin-3-o0-b-d- 979
glucopyranoside
Isorhamnetin-3-O-Glucoside 723
Kaempferol-3-O-Arabinoside 324
Quercetin-3-O-Rutinoside 709
Total Flavonoid 6.95
Total phenolic acid 45,700
Isorhamnetin 2.41-91 Skin [7,53,57]
Quercetin 4.32
Kaempferol 0.22
All phenolic acid 218.8
Enisorhamnetin glycosides 50.6
KSEEIC’ZZ’;‘:I 2; Pulp [37,51,52,54,55,62]
Isorhamnetin 4.94
Luteolin 0.84

2.2.2. Betalains

The presence of betalains is restricted to a limited number of plant species; beets,
and cacti are the primary sources of this type of pigment. They are recognized for their
cheerful and bright hues. Recent analyses have shown that OFI betalains have various
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(A)

interesting properties that are valuable for human health. Indeed, potentially, betalains are
used as antimicrobials, they have cardiovascular benefits (they improve cholesterol levels
and reduce blood pressure), they have anti-cancer benefits (especially against colon cancer
cells), they act as antioxidants (they protect cells from damage), and they have been found
to improve insulin sensitivity in the human body [63]. The core structure of betalain is
made of nitrogen and betalamic acid, as reported in Figure 5. The derivates of amino acids
and imino compounds react with betalamic acid to make betaxanthins and betacyanins
pigments, which are yellow and violet, respectively. Amazingly, a large number of betalains
are present in the skin and pulp of OFI. The color variation of the fruit depends on the con-
centration of betaxanthins, betacyanins, and their derivatives. Furthermore, indicaxanthin,
betanin, betanidin, neobetanin, and isobetanin are also produced by OFI fruit pulp [64,65].
Betanin and indicaxanthin are also identified in the skin [66]. The presence of Vulgaxanthin
IV, (5)-serine-betaxanthin, Vulgaxanthin II, Vulgaxanthin I, Miraxanthin II, Portulacax-
anthin III, Portulacaxanthin I, muscaaurin, (S)-valine-betaxanthin’s, (S)-isoleucine and
(S)-Phenylalaine betaxanthin, and gomphrenin I has also been reported [66-69].

o) 0
0 N
\\ HO | OH
OH
O N ‘
— @]
7
N OH
HO—\\

(8) (®) (D)

Figure 5. General representation of (A) betalamic acid, (B) indicaxanthin, (C) betanidin, and
(D) betanin.

At low concentrations, betacyanin-derived pigments including betanin, phyllocactin,
and betanidin exhibited antioxidant activity, manifesting as yellow and red colors The pres-
ence of catechol groups in betanidin structures involved in free radical nitrogen scavenging
activity has significant antioxidant capacity. The natural pigment betacyanins are useful
for maintaining physiological ability under oxidative stress [70]. Additionally, indicax-
anthin was presented as less active with respect to betanin in the free radical scavenging
reactions [71].

2.2.3. Sterols

Sterols are a type of molecule present in plant-based foods, such as nuts and oils, and
are also found in animals and dairy products. They are effective for human health, as they
help to generate and stabilize hormones in the body, boost the body’s defense mechanisms,
lower inflammation, and have anticancer abilities. From OFI fruits, seeds, and skin, the
extracted sterol in prominent concentrations is 3-sitosterol, which varies between 6.75 and
21.10 g/1000 g [72] (see Table 7). Further, a Campesterol quantity of 1.66-8.76 g/1000 g
is claimed to be found in the skin, seed, and pulp. Additionally, glycine max (19.00 to
23.00 g/1000 g) and argan oil (4.00 g/1000 g) have similar Campesterol compositions in
the seed, pulp, and skin. In addition, A7-Avenasterol, stigmasterol, and lanosterol exist
on a small scale, while ergosterol exists in trace content in the peel. Sterols in flowers and
cladodes are still unidentified. The schottenol and spina also exist in argan oil [73].
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Table 7. The sterols content (g/1000 g) of OFI consists of pulp, seed, peel, and skin.
Sterols Pulp Peel Seed Cladode References

A7-Avenasterol 1.43 271 029 -
Stigmasterol 0.73 212 030 -
Lanosterol 0.76 1.66 028 -

Ergosterol = - 068 - - [72,74]
[3-Sitosterol 11.2 211 675 -
Campesterol 8.74 8.76 1.66 -

3. Applications

Opuntia ficus indica is highly valued worldwide due to its wide range of applications.
It is utilized as an effective tool in medicine, in cosmetic ingredients, in human nutrition
as food, in livestock feed as forage, in wastewater treatment, in fuel production, and in
sustainable and eco-friendly building materials. Its remarkable versatility and adaptability
have made it invaluable in various industries and culture practices around the world.

3.1. Uses of Opunia in the Bioremediation of Wastewaters

Due to the increase in global population and pollution problems, providing safe drink-
ing water is becoming an increasingly important issue. For this reason, many methods
have been studied for removing contaminants from wastewater, including irradiation,
biosorption, deionization, flotation, coagulation, microfiltration, membrane filtration, oxi-
dation, ion exchange, ozonation, and electrochemical treatment. The elimination of organic
and inorganic pollutants from wastewater by biosorption using OFI has advantages due
to its low cost, its great ability for pollutant binding, its quick elimination of pollutants,
and the easy accessibility of material [75]. The seeds of OFI and Moringa Oleifera were
used as bio-coagulants in comparison to Alum, removing 100% water turbidity at pH 7.5.
The OFI coagulation—flocculation active molecules, especially polysaccharides, work as
inter particles binding in polluted H,O treatment [76]. Kinetic and thermodynamic studies
and equilibrium models are utilized to determine the interfaces between pollutants and
biosorbents. OFI pads, both in their raw and chemically and physically treated forms, are
useful for removing chemical oxygen demand (COD) dyes, pesticides, turbidness, negative-
ions, and metal species from wastewater [75-77]. Except for the skin, various parts of
OFI show coagulation action with Moringa Oleifera, which is useful for the elimination of
turbidity in synthetic clay solutions, as reported by Miller [77]. The turbidity is reduced by
92-99 percent with a natural coagulant. The presence of galacturonic acid and other active
molecules in OFI makes it efficient for treating wastewater turbidity. Galactose, arabinose,
and rhamnose combined with galacturonic acid account for fifty percent of all coagulation
processes, indicating that other components of OFI also contribute to the coagulation pro-
cess [74,77]. The biocoagulation—flocculation process was utilized to remove heavy metals
from contaminated natural samples collected from the Mukuvisi River in Zimbabwe under
standard conditions with high OFI powder activity. The optimal conditions for the process
were 35 °C, 5 pH, and a 180 min contact time. At standard conditions, even in the presence
of other ions, Pb(Il) is easily eliminated with OFI powder [78].

3.2. Usage as Forage

The OFL is a highly drought-resistant species with a deep-rooted mechanism, well
fitted in arid conditions. The OFI fruits and pads have high levels of protein, water, soluble
sugar, and nutrients, making them ideal for use as forage crops. Cactus cladodes are
used as fodder for goats, sheep, and cows in different regions of Africa, Asia, America,
and Europe. They cover a significant quantity of recommended minerals, proteins, water,
and nutrition for animals. Since its laxative effect is attributed to the high-level content
of oxalic acid, a blend with straw is suggested. Moreover, the low tannin and phenolic
contents of cactus stems aid in digestion, improve protein and fats, and enhance the meat
production [79,80] and milk yield [81]. Cactus cladodes combined with sugarcane bagasse
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are utilized as a significant dairy supplement in semi-arid regions. This alternative to
traditional lipid components enhances milk production, improves the milk fat content, and
shifts the composition of milk fat towards a more favorable fatty acid profile, promoting
a healthier outcome [82]. In this study, the dry matter digestibility is an important factor.
Livestock are more likely to acquire the necessary nutrients for growth when there is an
increase in the digestibility of dry matter as forage in drought [83].

3.3. Fuel Fabrication

As an alternate combustible material, the possible production of biomethane (biogas),
electrical power energy, and heat energy from cactus pear using the Anaerobic Diges-
tion method is possible. G.L.S (Geographic Information System) Dufour 2.0 software
shows that 600,000.00 ha. ca. produced 612,115 x 103> m? of biogas, resulting in the pro-
duction of 342,784 x 10° m3 of bio CHy,4, 67,038,000 KWh of electric power energy, and
70,390,000 KWh of heat energy. Further, the obtained digestate can also be treated as a
bio-fertilizer for natural and regular farming [84]. For green energy, a bioelectrochemical
cell is frequently employed in extremely water-saturated environments. A novel plug-in
integrated porcelain-based fuel cell was assembled, resulting in a typical energy density of
103.60 mW /m?3 in a device applying O. albicarpa, with Opuntia (10.6 mW/m3) > Opuntia.
robusta (7.5 mW /m3) > Opuntia. joconostle (0.46 mW /m?), accompanied by a resistance of
10% Q). The 285.12] electricity was attained in 4 weeks from O. albicarpa [85].

3.4. Pharamcological Ability

In recent years, the OFI has been considered an active pharmacological compound
source. Findings have indicated that OFI contains betalains, which are molecules with great
antioxidant abilities that protect from oxidative stress and lessen inflammation. OFI seeds
contain glucuronoxylans, which act as biological hypoglycemic natural agents and have
shown antidiabetic effects. The biological natural agents obtained from Opuntia through a
natural and easy procedure also show incredible power against chronic diseases with no
side-effects [86]. Generally, the mixture of OFI fruit and cladode extract is used to control
the hypoglycemic impact in pre-diabetic overweight humans. The extract, when processed
before the dextrose tolerance examination, reduces the blood glucose levels [87]. Several
chemotherapeutic medicines have been derived from more than 3000 plants and artificial
derivatives for cancer therapy, including carotenoids, terpenoids, and alkaloids as the
most important components in cancer treatment. According to international reports, the
fruit, stem, and cladodes of Opuntia species have a noteworthy approach for anticancer
activity [88]. Giglio and co-workers stated in their work that the extract obtained from OFI
decreases the atherogenicity, increases metabolic parameters, and decreases lipoproteins
rarity in examinees with metabolic risk aspects [89].

3.4.1. Antioxident Capacity

The total polyphenolic compounds, obtained from the aqueous extract of dehydrated
flowers and peels from OFI, have shown activity in controlling radical scavenging against
hydroxyl anions and superoxide. When the antioxidant activity of dehydrated flower and
peel extract was observed, the 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging action was
lower in the peel (5.17 g G.A.E. kg/D.W.) (Gallic acid equivalent per kg of dry weight) than
in the flower (30.40 g G.A.E. kg/D.W.). These results showed that the antioxidant action
of OFI peels was six times lower than that of the flower [90]. The antioxidant action of
seed oil from OFI extraction was found in three different solvents, C¢Hy4, C;H50H, and
CyHs-acetate, exhibiting noteworthy scavenging motion towards free radicals (DPPH). The
oil extract in C;Hs-acetate has a maximum antioxidant action of 274 (umole TE/20 mg),
followed by C,H50H 247.00 (umole TE/20 mg) and C¢Hj4, which have the lowest values.
The antioxidant action of oil is greatly influenced by the solvent for extraction [91]. In
addition, several typical models showed that Betalain dyes have notable antioxidant
action. The UV-Visible spectroscopy technique was used to analyze the antioxidant action
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of different samples simply and quickly by examining the change in the color of the
DPPH radical scavenging activity assay from a dark purple hue to a bright yellow. The
highest contents of polyphenolic compounds in the purple peel of Opuntia spp. exhibited
the maximum scavenging activity as compared to yellow and others. Furthermore, the
antioxidant activity increased when the number of polyphenolic compounds increased [92].
According to Oliveira [93], the use of Opuntia polyphenolic compounds causes a decrease
in rat liver damage. Moreover, the oven drying peel is used in baking goods as an additive
due to its antioxidant ability [94].

3.4.2. Anti-Inflammatory Capacity

OFI has a long history of traditional uses for many illnesses. In the last decade,
its potential anti-inflammatory effects have been the focus of several works of research.
Inflammation is a natural reaction of the body to infection or injury, but many diseases (such
as cancer, diabetes, and heart problems) are developed due to chronic inflammation. Studies
have indicated that OFI contains anti-inflammatory compounds. The pro-inflammatory
cytokines, which play a significant role in the inflammatory reaction, are also produced in
the OFI plant. The anti-inflammatory ability of Opuntia has been presented in a Moroccan
study [95]. Anti-inflammatory activity has been also assessed in a recent experiment on
chemical injury induced in Swiss rats. The seed oil used in this study was extracted from
20 g powder by the Soxhlet apparatus and concentrated in a rotary vacuum evaporator at
40-60 °C under low pressure. The 200 mg/kg dose was given daily for 14 days. This study’s
results prove the seed oil OFI’s effectiveness as an anti-inflammatory agent, and this plant
is also used in traditional medicines as an edematous agent [96]. Extracted seed oil from
OFI and Punica granatum was used to experimentally evaluate the anti-inflammatory effect
of carrageenan and the induced-trauma inflammatory in a female rat with an edema paw.
The study shows that the seed oils of both plants had significant anti-inflammatory activity
for the drugs used in the reference models and had no effect on the general behavior of the
tested female animal [93,95]. The strongest anti-inflammatory and antioxidant activities are
presented by OFI betalain-pure extract rather than betalains obtained from other sources
by in vitro, cell-based, and cell-free assays. Both betalains and OFI betalain-pure extract
reduced the release of oxygen species (R.O.S.) and important inflammatory markers (IL-6,
IL-8, and NO), and they were more effective in reducing the intestinal inflammation than
the reference drugs dexamethasone and trolox [97].

3.4.3. Antibacterial Effect

Antibacterial activity typically relies on factors such as the nature of the biological
sample and the extraction method employed. Notably, oven-dried fruits exhibited superior
activity compared to other samples [98]. In the extract analysis, the findings indicated
that OFI seed oil isolated with C;H50H and acidic methanol has valuable antibacterial
activity in many bacterial strains and at dissimilar inhibition zone distances. It covers a
broad range of antibacterial effects versus bacteria such as Klebsiella pneumonia (20.00 mm)
(20.00-34.00 mm), MRSA (35.1 mm), and L. monocytogenes (24 mm) [99]. The biological activ-
ity of Opuntia dillenii seed oils and the OFI antibacterial activity were examined on 01 Gram
+ve and 02 Gram —ve bacteria, respectively. The statistics of this analysis demonstrated
that seed oil has no antibacterial action for Pseudomonas aeruginosa, while Staphylococcus
aureus and Escherichia coli exhibited antibacterial properties [100]. The antimicrobial as-
says conducted in this study focused on specific bacterial strains, including Gram-negative
bacteria such as Agrobacterium tumefaciens and Escherichia coli as well as Gram-positive
bacteria like Micrococcus aureus, on 96-well microplates by the broth microdilution method
for 24 h at 37 °C, inhibiting growth in minimum extract concentrations [101].

3.5. Role of Opuntia Regarding Bodyweight and Bone Health

Alloxan, a diabetogenic compound, is commonly tested for the study of body weight
loss. Through tests conducted on a sample of laboratory mice, it has been demonstrated
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that when alloxan is used in combination with OFI seed oil, more encouraging results are
achieved as compared to those achieved with alloxan alone [102]. Seed oil at a concentration
of 0.025% per kilogram in a high-fat diet for four consecutive weeks resulted in a significant
weight gain compared to a basic diet [103]. Moreover, the hepatoprotective effects of the
seed oil Opuntia dilleniid (SOD) on CCly-provoked injury in rat livers have been studied.
The rat was treated with SOD 2 mL/kg regularly for two weeks. The weight gain, plasmatic
glucose level, and liver injury decreased significantly. The SOD has a protective effect
against medicated-CCly injury [104]. In male rats at the growing stage, it was found that
the final growth stage of OFI cladodes played a role in bone development. Additionally,
during the initial and final periods of cladode maturity, soluble fibers demonstrated good
bone development properties, including the Ca content, micro-architecture, and fracture
resistance, as evaluated in a study where rats were given insoluble cladode fibers [102].

3.6. Cosmetic Applications

As already mentioned above, OFI has a rich variety of useful compounds, including
antioxidants, essential fatty acids, and polyphenols. It provides help in skin improvement,
moisturizing, and wound care. The OFI (1%) extract in the oil-to-water base nano-emulsion
can increase the water content for five hours in the corneum stratum, demonstrating signif-
icant improvement over the vehicle formulation. The excellent cleansing and moistening
ability of the current formulation, due to the presence of carbohydrates in OF]I, has stability
and a soothing effect with potential in cosmetics [105]. High-power microwave treatment
was applied to obtain O. humifusa extract (MA-OHE) with good viscosity, a high antioxidant
capacity, and reduced consequences of particulate matter. So, MA-OHE is a prospective
component in cosmetics for stopping/avoiding diseases [106].

3.7. Application of Opuntia in Building Materials

The application of OFI in construction materials has gained significant attention be-
cause of its ability to be a sustainable and eco-friendly alternative. OFI is easily cultivated
in many areas, making it an instantly available resource for construction material appli-
cations. Findings have shown that Opuntia-dried pads, spines, and fibrous materials are
used in roofs, furniture, natural adhesives in traditional construction, joining adobe bricks,
making household objects, and in many other building raw materials, including wall
panels, bio-composites, and insulations. The cladodes and stems are utilized to make
insulating material with a high thermal ability and fire resistance. Further, plant fibers
and bio-degradable materials are combined to make bio-composites with good mechanical
properties. The admixture of resin with bio-silica grains (0.5% Vol.) was poured on a fixed,
coated wax rubber mold; then, a layer of short OFI fiber (30% by volume) was carefully
added to obtain composite material at 25 °C for 24 h and, subsequently, at 120 °C for 48 h.
The results showed an enhancement in toughness strength, improved wear resistance,
high tensile strength, and a significant increase in energy capacity storage (4.34 GPa and
34,371 life counts fatigue with a 0.71 loss factor) [107]. In another work, the OFI fiber of
cladode (10% wt.) treated with alkali was applied in a (HDPE) high-density polyethylene
matrix and demonstrated a rise in rigidity and the modulus of elasticity, while the addi-
tion of the maleic anhydride grafted 3, block CgHg—(CoHy—C4Hg)-CgHg copolymer also
enhanced the plasticity, ductility, and heat properties. The green composite OFI/HDPE is
applied as an alternative material in construction products [108]. For mortar preparation,
OFI mucilage (1:1 cladode/H,O ratio), Mexican standard cement (1:3 ratio with silica
sand), and liquid (H,O + mucilage) (650 mL) are used with different concentrations of the
total volume of OFI mucilage (1.5 to 95%). The results show that OFI mucilage decreases
mortar (cement-based) porosity, enhances durability, and increases compressive strength
and electrical resistivity. Additionally, it improves mechanical strength and increases its
lifespan [109,110]. The OFI mucilage, cooked OFI mucilage and exudate OFI mucilage (4%,
8%, 15%, 30% w/m concentration), and OFI dehydrated powder (1%, 2%, 4% cement by
sand mass replacement) are used to calculate the durability of concrete for 30, 90, 180, and
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400 days. The OFI dehydrated powder improved chloride transport and decreased the RCP
(rapid chloride permeability) index by 10%. The exudate OFI mucilage improved the 30%
RCP index and 20% durability index, while for mixture controlling, cooked OFI mucilage
showed excellent results. OFI derivatives work like biopolymers (clogging sponges) in
the matrix pores of cement, stopping the transport of HO and chloride in concrete [111].
The cactus extract solution contains polysaccharides with a gluey character which were
used in mortar to improve the sustainability, water absorption resistance, and plasticity
and significantly reduce water absorption in the concrete. The cactus 100% solution was
shown to be more effect in mortar and concrete as compared to the cactus 50% solution. The
study demonstrates that natural biopolymers sugarcane bagasse [112], straw, wood, stalks
with lime, bamboo, and animal dung [113]—were utilized in construction materials as
reinforcing agents to enhance the strength and durability of structures like adobe buildings,
mud bricks, and wall plasters in ancient times [114].

In Table 8, we have compiled a comprehensive summary of the diverse applications
of various parts of Opuntia ficus indica, including cladodes, fruits, flowers, seeds, skins,
and mucilage.

Table 8. Opuntia ficus indica applications.

References

Opuntia ficus indica

Applications

Properties and Benefits

Cladodes

Fruits and flowers

Seed

Skin and mucilage

Human nutrition
Medical applications
Building material
Cosmetic industry
Fuel production
Wastewater treatment
As forage

Human nutrition
Animal food
Medical applications
Cosmetic industry

Medical applications
Human nutrition

Medical applications
Vitamin supplement
Food industries

Gastric ulcer treatment, hypoglycemic,
antioxidant and antimicrobial activities,
anticancer, antitumor, moisturizing, wound
healing, wall panels, bio-composites, insulations,
natural adhesive, joining adobe bricks, erosion
control, bgodyweight, bone health, biosorption,
flotation, coagulation, food.

Anti-inflammatory, analgesic, antioxidant,
hypoglycemic and antiproliferative effects,
healthy food preparation, nutritional
supplement, stabilize hormones, improve
cognitive function, lower joint pain, tissue
development, skincare.

Hypocholesterolemic activity, triglycerides
reduction effect, antioxidant, anticancer,
cardiovascular benefits, colon cancer treatment.
Anti-inflammatory and antiulcerogenic activities,
interactions with drugs and intestinal
homeostasis, construction materials, stabilizes
vision and nerve function.

[14,21,31,35,58,60,62,
83,85,92,94,97,98,106,
109,112,114]

[21,33,35,60,62,72,75,
78,83,85,87,92,94,106]

[7,19,21,31,35,59,61,62,
72,74,75,87,92,94,97]

[9,14,28,35,41,55]

4. Conclusions

In conclusion, the accumulated evidence substantiated that the chemical composition
of nopal cactus contains abundant sets of macro and micro molecules and a rich chemistry
of bioactive compounds—particularly, polyunsaturated-fatty acids, polyose, phytosterols,
vitamins, tocopherols, and polyphenolic compounds. Cladode and fruit peel have more
minerals and bio-active species compared to seed, which are useful for human beings’
health and as medication for numerous diseases (cancer, diabetes, skin, and cardiovascular
diseases). In fact, fruit peels worked as organic dyestuffs, organic antioxidants, therapeutic
agents, and additives. In agriculture, they worked as forage, an important crop in harsh
environmental regions. The food industry took OFI as a beneficial ingredient in a functional
diet. Its health-promoting abilities and great nutritional contents make it a favorable
ingredient for use in food development products. Still, more analysis and study are needed
to understand the plant chemistry and the role of environmental conditions regarding
the chemical composition in OFL The construction industry took OFI as a sustainable
and eco-friendly bio-source polymer for making building raw materials such as roofs,
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adobe bricks, wall panels, insulation, and natural adhesives in traditional and modern
construction to enhance the thermal and mechanical properties. Moreover, it is still required
to conduct a deeper examination of the diverse series of bioactive compounds obtained
from cactus pear plants and their beneficial usages in multiple innovative industries and
efficient functional foods.
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