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Abstract: The search for waste minimization and the valorization of by-products are key practices
for good management and improved sustainability in the food industry. The production of almonds
generates a large amount of waste, most of which is not used. Until now, almonds have been used
for their high nutritional value as food, especially almond meat. The other remaining parts (skin,
shell, hulls, etc.) are still little explored, even though they have been used as fuel by burning or as
livestock feed. However, interest in these by-products has been increasing as they possess beneficial
properties (caused mainly by polyphenols and unsaturated fatty acids) and can be used as new
ingredients for the food, cosmetic, and pharmaceutical industries. Therefore, it is important to explore
almond’s valorization of by-products for the development of new added-value products that would
contribute to the reduction of environmental impact and an improvement in the sustainability and
competitiveness of the almond industry.

Keywords: Prunus dulcis; almond skins; almond hulls; almond shells; almond blanch water; bioactive
compounds; bioactivities; agri-waste management

1. Introduction

Global food supply is an ongoing concern and, above all, a major scientific challenge
as population, food products, and especially waste generated continue to grow. To ensure a
global food supply that complies with food safety standards and minimizes the production
of residues, it is necessary to implement sustainable food systems. This paradigm leads to
the search for alternative food sources without depleting the agricultural sector. One of
the proposed strategies is the use of by-products derived from industrial processes with
interesting applications as a source of food ingredients [1].

Nuts constitute a nutritious food with high lipid content that provide a wide range of
bioactive compounds beneficial to health. They are well recognized in gastronomy for their
distinguished flavor, and their consumption is recommended by nutritionists and doctors
for providing antioxidants, bioactive molecules, and nutrients [2,3]. In fact, moderate
doses of these foods have been shown to reduce blood levels of total cholesterol and low-
density lipoprotein (LDL), both of which are linked to the development of cardiovascular
diseases [4]. Several studies have demonstrated these different health properties when
consumed, but there is still a need for a deeper research into the full spectra of the benefits
they possess. Among these nuts, it is worth mentioning the almond [2].

Almond is a stone fruit known under the scientific name Prunus dulcis (Mill.) D.A.
Webb (herein referred to as P. dulcis). However, unlike other stone fruits, such as apricots
or plums, where the pulp (mesocarp) is eaten and the seed (endocarp) discarded, in the
case of almonds, the opposite occurs. The almond is the edible part, along the full ripening
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cycle of the fruit, while the mesocarp and endocarp can be eaten only at the beginning
of its ripening. The main structural parts of the almond include an outer greenish cover
named the hull; an intermediate shell; a brownish skin; and finally the edible seed, referred
to as kernel, meat, or nut (Figure 1) [3,5]. Almond hulls have a green appearance and
variable ripening cycles, which may vary due to environmental conditions such as intense
heat, ultraviolet radiation, or pest infestation [3]. It is the heaviest part of the kernel,
representing around 52% of the total fresh weight [6]. The common almond shell can
appear in different shapes and sizes, with modifications in its appearance (wrinkles and
pores mainly, among others), and its hardness is also very variable [7]. Almond skins have
a brownish appearance, and it represents a light portion of the fruit with a 4% of the total
weight of the almond. It is a protective layer that prevents from the oxidation and microbial
contamination of the kernel [3].
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Figure 1. Generation of almond by-products (left) and proportion of constituents of almond fruits (right).

As explained for other nuts, the consumption of whole almonds has been described
to possess certain health benefits as it reduces postprandial glycaemia, insulinemia, and
others [8]. Extracts obtained from this species have been traditionally applied for treat-
ing some diseases, neurological disorders, or respiratory and urinary tract affections. In
addition, pharmacological studies indicated that P. dulcis has various biological activities
such as prebiotic, antimicrobial, antioxidant, anti-inflammatory, anticancer, laxative, hep-
atoprotective, cardiometabolic protective, neotropic, anxiolytic, sedative, hypnotic, and
neuroprotective effects [9].

Almond is the most produced nut worldwide in recent years. P. dulcis belongs to
the Rosaceae family, and it is characterized for being cultivated in arid areas with dry
conditions, thus motivating the establishment of sustainable irrigation practices together
with good awareness to ensure high production and, at the same time, carry out an efficient
development [10].

The largest almond producer is the United States, and its cultivation is generated in
California in particular, with approximately 283,000 ha of cultivation [3]. According to the
International Nuts and Dried Fruits Statistical Yearbook, this world production leader will
have a 79% of the global almond harvest in 2020/2021, followed by Australia, in second
place, which shares the 7% of the market. Spain is in third place, behind Australia and
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the USA, and is the country with the largest area under almond cultivation, accounting
for more than 700,000 ha [11]. There is a worldwide trend towards an increase in the
production of this product, which is accompanied of a parallel increase in the amount of
by-products that can result in being environmentally and economically harmful if they are
not properly managed [10].

The industrial process of treating almonds for consumption involves the elimination
of the external parts of almond fruit in a sequential process, obtaining the almond meat or
almond kernel followed by different processes: roasting, in which almond skin is detached
but not eliminated, and blanching, in which the peeled almonds are generated, thus
discarding the peel and generating another by-product known as blanch water [4,5]. In
these processes, different forms of equipment are used to separate the meat apart from the
outer part of the kernel, including shelling and peeling machines. This type of machinery is
usually found in facilities close to the harvesting areas, causing less environmental impact
with the transport of the product. In the final processing, almonds are packaged and stored
for their distribution.

Around 10 to 25% of the total biomass that reaches the process facilities comes from
the remains of the field, such as garden waste, soil, and pebbles. To these residues, one
must add the by-products resulting from the dehulling process, which are separated into
several piles in different areas of the facility and sorted (shell, hull, and sticks). Both
hulls and sticks are predominant among all these fractions, although shells are also an
important output [12]. Indeed, the processing of almonds to obtain a kilogram of nuts
usually involves the production of 0.6 kg and 2.5 kg of shell and hull in terms of dry weight
(dw), respectively, thus representing an annual production of shells and hulls of 0.5 and
2.2 million dry metric tons, respectively [12].

In the past, shells were used as animal feed, while the remaining almond by-products
were burned for fuel production and energy use. However, almond by-products, including
leaves and flowers, have been described to be of great interest as source of bioactive
phytochemicals [10].

Almond hulls possess higher flavonoid content compared to other fruits. This by-
product that may present variable concentration of biomolecules depending on the ripening
conditions, has been demonstrated to be a rich source of triterpenoids, such as betulinic,
ursolic, and oleanoic acids, as well as flavonol glycosides and phenolic acids [3]. Among
its applications, almond hulls have been used as an additional source of ingredients to
formulate feed diets in dairy industries, which can pay more than~$110 per ton of hulls [12].

The worldwide annual production of almond shells can account from 0.8 to 1.7 million
tons. This by-product has high cellulose and lignin contents [13]. Shells can be reused in
the industry itself as fuel because of its high calorific value. In detail, almond shells have
been utilized during the process of scalding grains for heating water [7], and, similarly,
have been exploited by other industries to generate energy as part of boiler fuel. Almond
husks can also have structural functions—for instance, in the dairy industry, shells form
part of the animal bedding material [12] and they can also be part of the composition of
chipboard, used to polish certain metals, or used as a natural dye in wool. Nevertheless,
recent reports have indicated their use as organic inclusions in ceramic bodies, as additives,
or as a substrate in soilless crops [7].

Almond skins present between 70 and 100% of the total phenols present in the whole
almond fruit. Many studies have demonstrated that they contain beneficial phytochemical
properties, as they are a great source of phenolic compounds, such as quercetin glycosides,
kaempferol, naringenin, catechin, protocatechuic acid, and vanillic acid [3,4]. In addition,
polyphenols from almond skins have been shown to have synergistic effects when com-
bined with vitamins C and E, since they protect against LDL oxidation and improve the
antioxidant defense. Besides polyphenols, almond skins present different quantities of
triterpenoids, especially betulinic acid, oleanoic acid, and ursolic acid, which have been
described to possess anti-inflammatory, anticancer, and antiviral activity against human
immunodeficiency virus (HIV).
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Hence, almond by-products currently represent an issue of waste management, being
potentially converted into revalorized products or ingredients in order to ensure their
reduction, which would also minimize their environmental impact. In fact, as mentioned
above, most of these by-products have been characterized and different bioactive properties
have been identified, such as phenolic compounds that play an important role in the
prevention of degenerative and cardiovascular diseases [3]. Therefore, a deeper study
of the phytochemical and physicochemical composition of this fruit and by-products
may allow the recovery of natural and functional ingredients with a potential application
in pharmaceutical, cosmetic, or food industries for the development of innovative and
sustainable added-value products.

2. Bioactive Composition of Almond by-Products
2.1. Phenolic Compounds

Kernels of P. dulcis represent a rich dietary source of polyphenols that provide an im-
portant intake of condensed and hydrolysable tannins, flavonoids, and phenolic acids [14]
(Figure 2). The total phenolic content of almond nuts has been found to be variable depend-
ing on the cultivar selected (Table 1) and the ripening degree, whereas the harvest year
has a slight impact [15-17]. Several scientific works support this high content of phenolic
compounds in almonds; however, the amounts are highly variable depending on the
study checked. It is noticeable that the number of total phenolic compounds detected, the
extraction protocol applied, the quantification units employed (determined as percentage
or weight, either referred to dry or fresh biomass), the standards used for expressing final
concentrations, and the detection method chosen for analyzing the phenolic content of al-
mond kernels influence final results. For instance, in a study where 18 specific polyphenols
were evaluated, these following molecules were underlined as the major ones: catechin,
epicatechin, naringenin-7-O-glucoside, kaempferol-3-O-rutinoside, dihydroxykaempferol,
isorhamnetin-3-O-rutinoside, isorhamnetin-3-O-glucoside, and naringenin [16]. In another
assay, up to 28 polyphenols (9 phenolic acids and 19 flavonoids) were determined and
their relative presence quantified. This work also points to the flavonoid catechin as a
major compound (ranging from 3 to 81%, on average 46%) followed by chlorogenic acid
(1-21%, 4.1% on average), naringenin (0.2-16%, 4.3% on average), rutin (0-11%, 2.1% on
average), apigenin (0.1-10%, 2.9% on average), and astragalin (0-9%, 2.4% on average) [18].
While these two studies ([17,19]) employed LC-MS data for the final quantification of the
targeted polyphenols analyzed, other authors [15,17] quantified the polyphenolic content
using spectrophotometric techniques based on absorbance measurements, and thus they
did not provide specific information on the chemical profile of the samples.

Regarding tannins, almonds have been described to contain both hydrolysable and
condensed tannins. The extractable condensed tannins mostly consist of bound units of
(+)-catechin and (—)-epicatechin as dimmers or trimers but also creating greater oligomers.
Those can be constituted of units of (epi)afzelechin, (epi)catechin, and (epi)gallocatechin
bound by A- and B-linkages that may easily reach a polymerization degree of 13, although
when the polymerization is higher than six, only the B-bound is present [19]. Tannins
quantified in three Californian varieties (Nonpareil, Carmel, and Butte), where the num-
ber of condensed tannins were expressed as proanthocyanidin B2 equivalents, strongly
varied among varieties in a range from 322 to 1073 pg/g almond. The quantification of
hydrolysable tannins provided narrower ranges for ellagic acid (487-632 pg/g) and gallic
acid (141406 ug/g) [19].

Another interesting group of polyphenolic compounds are stilbenes, although their
presence in almonds is less abundant than other polyphenols. Polydatin was detected
in almond kernels, almond skins, and the blanch water (0.7, 1.8, and 72 ng/g), while
piceatannol and oxyresveratrol were found in almond blanch water (17 ng/g) [14].
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Figure 2. Major bioactive compounds isolated from almond and almond by-products.

Table 1. Total content of polyphenols of different almond varieties from diverse geographical origins
(expressed as mg of gallic acid/g dw).

Geographical Origin Almond Variety Phenolic Content (mg/g) References
Australian Johnston Prolific 0.8-0.9 [15]
Butte 6.1
Carmel 6.1
I?I'HEZ 3.6 [16]
Californi Mission 6.1
atforian Monterrey 4.3
Nonpareil 53
Texas 1.5
Thompson 0.8-15 1]
Duro 164 [17]
. Filippo Ceo 1.3-2.7
Italian Genco 2.2-11.0 [15]
Tuono 1.3-49
. Desmajo Largueta 1.7-1.8
Spanish Marcona 0.3-1.0 [15]
. . Ferragnes 2.5-4.2
Italian and Spanish Francoli 27.73 [15]
Portuguese Pegarinhos 342 [17]

Moreover, almond by-products such as skins have been chemically characterized and
found to contain high levels of phenolic acids and flavonoids that can account for more
than 30 molecular structures [14]. In fact, the variety of phenolic compounds found in
almond skins included hydroxybenzoic and hydroxycinnamic acids; protocatechuic aldehy-
des; glycosides of flavonols and flavanones; and aglycones of flavonols, dihydroflavonols,
and flavanones (Table 2). In a work based on the analysis of blanched almond skins, the
authors revealed that the most abundant compounds detected belong to the flavanol class
(20-38 ng of (+)-catechin per g dw of almond skin and 7-26 ug/g of (—)-epicatechin) and
to the flavonol glycosides family (5-41 ng/g of kaempferol-3-O-rutinoside and 5-58 ug/g
of isorhamnetin-3-O-rutinoside). These contents of phenolic compounds in blanched skins
were observed to get increased after the application of dehydration treatments, such as
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roasting or drying. In the same work, authors also explored the presence of A- and B-
type procyanidins (homopolymers of (epi)catechins), propelargonidins (heteropolymers
with one unit of (epi)afzelechin, and multiple (epi)catechins) and prodelphinidin (het-
eropolymers with one unit of (epi)gallocatechin combined with several (epi)catechins).
Procyanidins and propelargonidins were analyzed up to heptamers and A- and B-type
prodelphinidins up to hexamers. Other interesting molecules found in plasma and urine
as metabolites after the ingestion of almond skins were glucuronide and a few derivatives,
including conjugates of naringenin and isorhamnetin, sulfate derivatives of (epi)catechin,
sulfate conjugates of isorhamnetin, and conjugates of hydroxyphenylvalerolactones [4].

Table 2. Phenolic content in almond products and by-products. Quantitative data extracted
from [4,14,20] L.

Compounds Blanched Skin Whole Almonds Blanch Water
(uglg) (nuglg) (ug/g)
Hydroxybenzoic acids and 26.3-57.3 2.4-7.0
aldehydes
p-Hydroxybenzoic acid 3.1-7.2 0.03-0.06
Vanillic acid 11.1-19.2 1.1-25
Protocatechuic acid 6.7-17.2 1.3-4.4
Protocatechuic aldehyde 5.4-13.7 -
Hydroxycinnamic acids 1.8-4.9 -
trans p-Coumaric acid 0-1.1 -
3-O-Caffeoylquinic acid 1.8-3.8 -
Flavan-3-ols 61.5-134 12.7-51.3
(+)-Catechin 20.1-38.3 9.5-38.6
(—)-Epicatechin 7.2-26.5 3.2-12.7
Procyanidin B1-3, B5, B7, C1 25.0-46.1 -
Unknown dimers/trimers A 9.2-23.0 )
[(epi)catechin — A — (epi)catechin] ’ ’

Flavonol glycosides 15.6-130 113-231
Kaempferol-3-O-rutinoside 5.3-40.7 7.1-14.3
Kaempferol-3-O-glucoside 0-14.2 0.08-0.2

Kaempferol-3-O-galactoside - 0.05-0.2
Isorhamnetin-3-O-rutinoside 5.3-58.0 99-191
Isorhamnetin-3-O-glucoside 5.0-15.3 -
Isorhamnetin-3-O-galactoside - 3.0-7.1
Quercetin-3-O-glucoside 0-1.7 0.5-1.6
Quercetin-3-O-galactoside - 3.1-12.6
Quercetin-3-O-rutinoside - 0.6-3.7
Flavanone glycosides 4.8-28.6 0.9-1.9
Naringenin-7-O-glucoside 2.3-25.9 0.9-1.9
Eriodictyol-7-O-glucoside 2.5-2.7 -
Flavonol aglycones 9.6-33.0 1.1-4.9
Kaempferol 2.7-12.1 0-0.04
Quercetin 1.0-4.9 0.2-0.3
Isorhamnetin 5.9-16.0 0.94.6
Dihydroflavonol aglycones 0-10.3 0.4-3.0
Dihydroquercetin 0-10.3 -
Dihydroxykaempferol - 04-3.0
Flavanone aglycones 6.7-19.9 1.2-6.9
Naringenin 3.7-12.1 0.4-1.2
Eriodictyol 3.0-7.8 0.8-5.7
Stilbenes 0.002 0.008 0.07-0.11
Polydatin 1.5-22ng/g 7.2-85ng/g 63-84ng/g
Piceatannol + oxyresveratrol ND ND 9.1-255ng/g
trans-Resveratrol ND <LOD
Pterostilbene ND <LOD
Total 111-418 132-306

1 Bold letters indicate the sum of total concentration referred to each subfamily of phenolic compounds. LOD:
limit of detection; ND: not determined.
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2.2. Fatty Acids

The total content of fatty acids in almonds is dependent on the cultivar, growing
year, and its conditions, as it has been revealed for other biomolecules [21]. Nevertheless,
different works point to similar ranges than those provided by European Food Safety
Authority (EFSA), showing that the lipid content of almonds from different cultivars and
locations is quite constant and in the range of 36 and 63% [19,22,23]. EFSA suggests that
the fat content of almonds is around 40-50%, half of which consist of unsaturated fatty
acids (UFAs), from which polyunsaturated fatty acids (PUFAs) represent 22%, mainly
comprised of linoleic acid; 70% are monounsaturated fatty acids (MUFAs), with oleic acid
as the major representative; and the remaining 8% is composed by saturated fatty acids
(SFAs) [24]. These data are consistent with later published works that underlined that the
sum of oleic (C18:1), linoleic (C18:2), palmitic (C16:0), and stearic (C18:0) acids account for
over 99% of the total fatty acid content in almonds (Figure 2). The average content of UFAs,
as the most abundant lipids in almonds, possess quite constant percentual values: for oleic
acid (C18:1) from 58 to 77%, for linoleic acid (C18:2) 16-30%, for palmitoleic acid (C16:1)
0.2-0.6%, for vaccenic acid (C18:1) 0.7-2.2%, and for heptadecenoic acid (C17:1) 0.11%.
These values demonstrate that almonds have a high amount of UFAs, whereas the presence
of saturated acids is less relevant, although they also contribute to their total lipidic content.
Palmitic acid (C16:0) accounts for 4.7-7.0%, stearic acid (C18:0) 1.4-2.6%, arachidic acid
(C20:0) 0.06-0.12%, and myristic acid (C14:0) 0.01-0.22%. Other fatty acids present at
trace levels include the SFAs pentadecanoic (C15:0), margaric (C17:0), heneicosylic (C21:0),
behenic (C22:0), tricosanoic acid (C23:0), and lignoceric (C24:0) acids and the UFAs paullinic
(C20:1), a-linolenic (C18:3), dihomo-y-linolenic (C20:3), and docosadienoic (C22:2 cis 13,
16) acids [18,23].

Moreover, almonds are regarded as an important source of triacylglycerols (TAGs),
since their content has been estimated to reach high percentages, about 98%. The main
TAGs identified in almonds correspond to OOO (O: oleic acid) and OLO (L: linoleic acid),
accounting for more than 60%. Other TAGs present in the lipidic fraction of almonds
include POO (P: palmitic acid), OLL, PLO, SOO (S: stearic acid), LnOO (Ln: linolenic acid),
LLL, LLP, PLP, and POP [25-27].

The proportion of oil in almonds is highly dependent on the ripening state of the
almond kernel. The lipidic fraction becomes incremented due to a higher oil synthesis, but
also because of the dehydration of the kernel, and after 14-18 weeks of maturity, almonds
develop oil bodies. The maximum accumulation rate obtained for oleic acid, and thus
in general for the total fatty acid content, since this is one of the major fatty acids, was
between the week 14 and 17 post-anthesis (after the flower opening). Along this period of
days, the maximum accumulation rate was 18 pg/day/g of fresh weight (fw), and then
it decreased [26,27]. Therefore, the almond kernel development is a key phenomenon for
maximizing the accumulation of lipids, both in terms of fatty acids and TAGs.

2.3. Volatiles

The most common volatile terpenes described in almonds are a-pinene and limonene,
which have been detected in raw almonds at low levels (around 17 ng/g) [14]. Recently,
different terpenes were analyzed in almond leaves, flowers, and young fruits. In leaves, the
most abundant terpenes were eugenol, which reached 675 ng/g fw, and the monoterpene
geraniol, for which higher recorded contents were between 31 and 54ng/g fw. In young
almond fruits, researchers quantified similar amounts for linalool (around 30 ng/g fw).
The lowest amounts of terpene compounds were found in almond flowers, where other
compounds like trans-linalool oxide, carvacrol, or 3-cyclocitral were punctually detected
but present at much lower levels (1-4 ng/g fw) [28].

Apart from terpenes, other kinds of volatiles that mainly include carbonyls, pyrazines,
and alcohols had been identified in almond kernels, leaves, or flowers. Nevertheless, the
most abundant amounts were described in kernels, especially after longer roasting treat-
ments. Benzaldehyde was one of the most abundant compounds in almond leaves, where
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it may reach levels of 2.4 ng/g, similar to its concentration in raw almonds, around 3 pg/g.
However, when raw almonds were submitted to a roasting process, benzaldehyde strongly
reduced its concentration to 0.3 pug/g. Other volatiles affected by roasting were 2-methyl-1-
propanol, 3-methyl butanol, 2-phenylethyl alcohol, x-pinene, and methylsulfanylmethane,
whose concentration was diminished. Instead, roasting increased the amounts of other
volatiles. For instance, hexanal, which was an abundant volatile in raw almonds (0.4 ug/g)
and leaves (0.2 pug/g), increased its content nearly three times after the roasting of raw
almonds. A similar pattern was found for 1,2-propanediol, with initial levels of 0.2 pg/g in
raw almonds that got triplicated after short roasting times. The most relevant increments
of volatiles after the roasting of raw almonds were found for 2- and 3-methylbutanal that
increased their presence more than 100 and 400 times, respectively [28,29]. The effect
of roasting on the volatile profile of almonds was also recorded on several Portuguese
varieties, showing a marked increase of hexanal and benzaldehyde after roasting, whereas
benzaldehyde together with 3-methyl-1-butanol were mostly reported on raw almond
fruits [30].

2.4. Protein Content

Almonds have been described as a good source of high-quality proteins with relative
amounts between 20 and 25% [24,31,32]. Regarding the protein content of almond and its
by-products, the kernel, together with almond cake, possess quite abundant amounts of
protein with percentages of 8.4-35% and 37%, respectively [33,34]. Other by-products have
lower protein levels, such as almond skins with 10-13% [35], and almond hulls, which
have the lowest values at 5.4-6.7% [36].

Almond proteins possess a chemical profile characterized to contain most of the
essential amino acids, even though almonds represent a limited source of sulfur amino
acids (methionine and cysteine), lysine, and threonine for children below 5 years. Instead,
in adults, almonds constitute a more complete protein source since the sulfur amino acids
alone are considered limiting [32].

This limiting amino acid profile is mainly provided for the major protein in almonds,
amandin. Amandin is a legumin-type protein formed by two subunits, prunin-1 (Figure 2)
and prunin-2, with a total molecular weight of 427 kDa, approximately. Amandin may
account for nearly the 70% of total almond proteins. Regarding its amino acid profile, it is
consistent with that from almonds, since its essential limiting amino acids are methionine,
lysine, and threonine [31]. The majority of proteins present in almonds are hydrosoluble,
and their digestibility, at least in the varieties Carmel, Mission, and Nonpareil, was shown
to be higher than 82% [32]. Thus, almond and its by-products may result in an efficient
source of vegetal proteins.

3. Biological Activities from Almond By-Products

Almond has been largely reported for its associated bioactivities, mainly focusing
on the phytochemical characterization of the edible kernel. However, due to the interest
regarding the valorization of almond by-products obtained along the productive workflow
(mostly skin, shell, hull, and blanch water), an increasing number of studies focused on
the bioactivities attributed to almond residues have appeared. Thus, the revalorization of
almond by-products constitutes a promising approach during almond waste management,
thus enabling the design of added-value products. Table 3 shows a general overview of the
bioactivities attributed to almond and its by-products.
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Table 3. Bioactivities of almond and its by-products and their mechanisms of action.

Mechanisms of Action References
Antioxidant activity
Free-radical scavenging activity: DPPH, ORAC, ABTS [37,38]
Reducing power: FRAP [37,39]
Antioxidant enzymes induction: SOD, CAT, GPx, APX [40-42]
Cell antioxidant response modulation: Nrf2, ARE expression [40]
Inhibition of lipid oxidation TBARS [3]
Depletion of oxidative stress markers: ROS, GSH, DNA, and protein degradation [42,43]
Anticancer activity
Effectiveness against MCF-7, MDA-MB-468, HepG2, HCT-116, Saos-2, Colo-320, Colo-741, Caco-2,
i [44-48]
and B-16 cancer cell lines
Oxidative stress alleviation [49]
Cell cycle arrest [50]
Impairment of mitochondrial function and induction of caspase-mediated apoptosis [46]
Inhibition of tumor migration, metastasis, and cell malignancy [47]
Anti-inflammatory activity
Inhibition of immune cell infiltration [51]
Reduction of pro-inflammatory CKs: IL-1, IL-6, TNF-&, CINC-1, MCP-1 [51,52]
Depletion of inflammatory mediators: PGE2, NF«B, NO, ICAM-1, selectins [53-55]
Inhibition of pro-inflammatory enzyme activity: iNOS, COX-2, MPO, PARP [51,52]
Antimicrobial activity
Bacteriostatic effect against both pathogenic Gram-positive and Gram-negative bacteria [39]
Antifungal activity against C. albicans [39]
Antiviral activity HSV-1 and HSV-2: inhibition of viral penetration, suppression of early viral
. . . A [39]
proteins and viral DNA accumulation, enhancement of antiviral immune cell response
Prebiotic activity
Enhancement of bifidobacterial and lactobacilli populations via butyrate production [56,57]
Promotion of 3-galactosidase activity and inhibition of -glucuronidase and azoreductase activities [9]
Suppression of pathogenic bacteria growth [58]

ABTS: 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); APX: ascorbate peroxidase; ARE: antioxidant response element; CAT: catalase;
CINC-1: cytokine-induced neutrophil chemoattractant 1; CKs: cytokins; COX-2: cyclooxygenase 2; DPPH: 2,2-diphenyl 1-picrylhydrazyl;
FRAP: ferric reducing antioxidant power; GPx: glutathione peroxidase; GSH: reduced glutathione; HSV: herpes simplex virus; ICAM-
1: intercellular adhesion molecule; IL: interleukin; MCP-1: cytokine-induced neutrophil chemoattractant 1 monocyte chemoattractant
protein-1; MPO: myeloperoxidase; NF«kB: nuclear factor kappa B; NO: nitric oxide; Nrf2: nuclear factor-E2-related factor 2; ORAC: oxygen
radical absorbance capacity; PARP: poly(ADP-ribose) polymerase; PGE2: prostaglandin E2; ROS: reactive oxygen species; SOD: superoxide

dismutase; TBARS: thiobarbituric acid reactive substances; TNF-«: tumor necrosis factor alpha.

3.1. Antioxidant Activity

Thanks to their high content in polyphenols, almonds and their by-products exhibit
a potent antioxidant activity, developed by different mechanisms, such as free-radical
scavenging activity, antioxidant enzymes induction, modulation of genetic antioxidant
response, and oxidative stress and lipid peroxidation biomarker regulation. Consider-
ing almond products, the whole seed, skins, husks, and blanch water have been mostly
evaluated in terms of antioxidant activity by in vitro and biochemical assays (Table 3).

The determination of radical scavenging activity (RSA) of almond extracts have been
carried out by 2,2-diphenyl 1-picrylhydrazyl (DPPH) and 2,2-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS) free radical assays, together with the Oxygen Radical Absorbance
Capacity (ORAC), and Ferric Reducing Antioxidant Power (FRAP) assays. In this sense,
seven almond cultivars were subjected to the antioxidant activity determination by the
DPPH and FRAP determination of flavonoid-enriched almond skin extracts [37]. Specif-
ically, all cultivars showed high RSA rates, with values up to 90% of DPPH scavenging,
whereas the Guara cultivar skins showed the highest FRAP values (556 pmol of Trolox
equivalents (TE)/g almond skin). Concerning almond skin processing, drying promotes a
significant increase of DPPH scavenging from 40.4 pmol TE/g of non-dried almond skins,
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because of the eventual Maillard reactions formed after this process [59]. In parallel, four
different Italian varieties were subjected to the RSA determination of different almond
by-products [38,60]. Thus, whole seeds promoted the highest rates of DPPH and ABTS
scavenging activity when extracted using ethanol as solvent, whereas the rest of almond
parts achieved the maximum values for hydroethanolic extracts. With respect to almond
parts, the hydroethanolic skin and hull extracts of Pizzuta cultivar promoted the highest
DPPH values 14.76 ug/mL [38,61], whereas the highest ABTS values were observed for
hydroethanolic husk extract of Fascionello cultivar: 1.65 mM TE [38]. In the same way, the
results for ORAC assay indicated that the mixture of Spanish varieties (0.5 mmol TE/g)
possessed a higher activity than American varieties (0.4 mmol TE/g), being consistent
with the chemical composition in terms of proanthocyanidins profile [5]. Concerning indi-
vidual compounds, in terms of ABTS, DPPH, and FRAP, it was recently determined that
chlorogenic acid showed the highest antioxidant activity among the polyphenols found in
hydromethanolic hull extracts, whereas isorhamnetin was revealed as the most efficient
antioxidant from skin extracts [62].

Besides RSA and reducing power, almond extracts have been assessed in terms of
antioxidant enzyme induction, especially aqueous skin extracts, thanks to their high proan-
thocyanidin content, as demonstrated by the promotion of glutathione peroxidase (GPx),
catalase (CAT), and superoxide dismutase (SOD) activities, attributed to proanthocyani-
dins concentrations of 25-50 pg/mL [40]; additionally, the hydromethanolic leaf extracts
of the Mazzetto cultivar were shown to induce ascorbate peroxidase (APX) activity [41].
Furthermore, the same extracts were shown to modulate the in vitro expression of signal-
ing pathways, by boosting the activation of nuclear factor-E2-related factor 2 (Nrf2) and
promoting the expression of antioxidant response element (ARE), both involved in the
cellular antioxidant system [40].

In addition, blanched almond skins have been reported to modulate plasma biomark-
ers of oxidative stress, such as GPx activity, glutathione concentration and the ratio reduced
glutathione/oxidized glutathione [42]. According to a recent study, the antioxidant proper-
ties of polyphenol-enriched hydroethanolic almond hull extracts as inhibitors of the toxicity
caused by the induced oxidative stress in Caco-2 cancer cell line was reported as a result of
reactive oxygen species (ROS) scavenging, and the regulation of cell redox status [43]. In-
deed, these oxidative stress-alleviating properties of almonds have been proved by in vivo
human trials, indicating that almond consumption prevents the oxidative DNA damage
and lipid peroxidation in male smokers [63]. Besides DNA oxidation prevention, ethanolic
hull extracts prevented protein oxidation [42]. Moreover, the inhibition of lipid peroxida-
tion of almond peels has been also assessed in vitro [42,64], together with the methanolic
almond fruit extracts of different Portuguese varieties [17], by means of the inhibition of
peroxidation damage in biomembranes, through the thiobarbituric acid reactive substances
(TBARS) formation, and the inhibition of the induced oxidative hemolysis in erythrocytes,
mostly developed by Duro Italiano cultivar. Overall, the positive health effects, in terms
of antioxidant activity, associated with the consumption of almonds could be partly due
to the almond skin phenolic composition, predominantly containing proanthocyanidins
and flavonols, that could be used as an added-value by-product to be exploited as dietary
antioxidant ingredients [3].

3.2. Anticancer Activity

As observed for antioxidant activity, the anticancer properties associated with almond
and its by-products has been assessed by both in vitro and in vivo studies (Table 3), as a
consequence of the plethora of bioactive compounds found on these matrices, especially
polyphenols; acid-soluble polysaccharides; triterpenoid acids (such as ursolic, oleanolic,
and betulinic acids); and UFAs proceeding from different almond seed-associated products,
including kernel, skins, hulls, and oil [9]. Nevertheless, the anticancer effects attributed
to almond are closely related to those of antioxidant activity, since oxidative stress is
considered one of the major process involved in the early stages of carcinogenesis [49].
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Taking this into account, the acetonic almond seed extracts, with high concentrations
of phenolic compounds, essentially containing phenolic acids and flavonoids, showed high
antiproliferative effects on two different human breast cancer cell lines, MCF-7 and MDA-
MB-468, exhibiting effective cytocidal concentrations at 10 pug/mL and >20 ug/mL, respec-
tively [44]. In the same way, the aqueous bitter almond kernel extracts showed an impres-
sive cytotoxicity in a dose-dependent manner against MCF-7 and human colon carcinoma
cancer (HCT-116) cell lines, whereas the methanolic extracts of the same matrix promoted
the highest cytotoxicity against human hepatocellular cancer cell line (HepG2), showing
growth inhibitory concentrations (Gls) of 29.5 ug/mL, 24.5 pg/mL, and 10.1 pg/mL,
respectively [45]. As a matter of fact, the cytotoxicity attributed to polyphenols from
methanolic almond kernel extracts against MFC-7 and HepG2 cancer cell lines was proved
to be due to the induction of cell cycle arrest at the G2/M phase, associated with preGl1
apoptosis induction, via the coordinated upregulation of cyclin-dependent kinase inhibitor
2A (CDKN2A) and the inhibition of cyclin-dependent kinase 4 (CDK4) genes [50]. Besides
the kernel, the almond hull has also been reported as a polyphenol-enriched by-product,
whose the hydroacetonic extracts showed a potent cytotoxicity against human osteosar-
coma cell line (Saos-2), exhibiting Gl5y values = 123.7 pg/mL, mostly affecting cancer
cell cycle progression, which was arrested at G2/M phase, impairing the mitochondrial
function, inducing caspase apoptotic activity, and inhibiting tumoral cell migration [46].

In addition to almond-derived polyphenols, UFAs detected in the almond seed oil,
mostly oleic and linoleic acids, also promoted an intense antiproliferative effect on two
colon carcinoma cell lines, either primary (Colo-320) or metastatic (Colo-741), in a dose-
and time-dependent manner [47]. Moreover, in this particular study, almond seed oil was
reported to inhibit cancer cell invasiveness, by the downregulation of bone morphogenetic
protein 2 (BMP-2) and (3-catenin pathways, and growth, by the inhibition of Ki-67 (a marker
of cell proliferation) expression. In the same way, different polysaccharidic fractions from
ethanolic almond skin extracts, mainly composed of arabinose, galactose, and mannose,
promoted a cytotoxic effect on both human colon carcinoma Caco-2 and murine melanoma
B-16 cell lines, with proliferation inhibition ratios of 88.74% and 90.96%, respectively [48].
Finally, terpenoids from ethylacetate Sicilian almond hull extracts were assessed in terms
of their antiproliferative properties, specifically betulinic acid, which exhibited an excellent
cytotoxic activity toward MCF-7 (Gl5p = 0.27 uM), even higher than that of the anticancer
drug 5-fluorouracil [65,66]. On these bases, both almond and its by-products can be
considered as a new source of pharmaceuticals in the management of cancerous tumors of
different origins.

3.3. Anti-Inflammatory Activity

Due to the close relationship of inflammation on oxidative stress and carcinogenesis,
the determination of anti-inflammatory effects on almond and by-products is essential to
provide an added value to these food products. Consequently, the high concentrations of
bioactive compounds found on these matrices, mostly polyphenols, UFAs, and protein
hydrolysates, are considered the major responsible for this bioactivity. Thus, there is a large
amount of scientific evidence about the multifaceted anti-inflammatory effects of almond
and by-products, as reported by in vitro, in vivo, and interventional studies in humans,
acting as inhibitors of inflammatory enzymes, pro-inflammatory cytokine (CK) production,
oxidative stress, and inflammatory marker-lowering agents (Table 3).

In this sense, the in vitro anti-inflammatory properties of almonds have been mostly
recorded in lipolysaccharide (LPS)-induced RAW264.7 macrophages cell line. The oleic acid-
enriched oily almond extracts promoted the inhibition of the inducible nitric oxide synthase
(iNOS), and cyclooxygenase-2 (COX-2), by reducing the levels of the inflammatory mediator
tumor necrosis factor alpha (TNF-«) [52]. Furthermore, the same extracts promoted the
reduction of pro-inflammatory CKs levels, mostly intereleukin-13 (IL-1f3) and IL-6, as
well as the mediator nitric oxide (NO) levels. Such effects were in accordance with those
observed for pepsin hydrolysates obtained from almond flour [67] and those provided
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by acetonic dried almond skin extracts from the Corrente/Tuono mixture variety on LPS-
induced intestinal IEC-6 cell line, together with the inhibition of oxidative stress, via ROS
levels reduction [68].

In parallel, the in vivo almond-associated anti-inflammatory effects have been as-
sessed using different rodent models. In particular, the polyphenol-enriched Marcona
almond blanch water was applied to in vivo rat colitis models, causing a reduction in
inflammatory cell infiltrate, together with the inhibition of myeloperoxidase (MPO) activity
and other related enzymes, such as iNOS [51]. In addition, the same study promoted an
inhibition of oxidative stress, together with a reduction in pro-inflammatory CKs, including
IL-1p3, cytokine-induced neutrophil chemoattractant 1 (CINC-1), and monocyte chemoat-
tractant protein-1 (MCP-1). Accordingly, another colitis-induced mice model fed natural
almond skin powder exhibited similar results on the prevention of intestinal inflammation,
modulating the associated nuclear factor kB (NF«kB) and c-Jun N-terminal kinase (JNK)
signaling pathways, inhibiting enzymes such as iNOS and poly(ADP-ribose) polymerase
(PARP), and decreasing the levels of leukocyte-activating markers intercellular adhesion
molecule (ICAM-1) and P-selectin [55]. Besides such colitis in vivo models, the ethanolic al-
mond seed extracts were applied to renal cell carcinoma-induced rat models, demonstrating
an inhibition of the cancer-related inflammatory process by decreasing pro-inflammatory
CKs (IL-13, IL-6, and TNF-«) levels, together with those of several inflammatory mediators
(prostaglandin E2, PGE2, and NFkB) in a dose-dependent manner [54].

Finally, the effectiveness of almond and its by-product consumption as anti-inflammatory
agents has been reported by different interventional human trials, as indicated by the reduc-
tion of circulating levels of C-reactive protein (CRP) and E-selectin inflammatory mediators,
mostly guided by the high concentration of UFAs as part of almond-containing diets [69].
Consequently, these results facilitate the characterization of almond as a natural source of
anti-inflammatory compounds, although further studies regarding the characterization of
the mechanism of action of such compounds are required.

3.4. Antimicrobial Activity

Recent studies have pointed at the polyphenols from almond and its by-products
as the major antimicrobial agents found on these matrices, which has been reported for
different bacterial, fungal, and viral species (Table 3) [9]. In fact, the antimicrobial activity
of almond has been assessed, indicating its high diversification, especially attributed to
skins, but also hulls and blanch water [39].

The antibacterial effects of almond skin extracts have been largely assessed for a wide
range of both Gram-positive and Gram-negative bacteria. Thus, polyphenol-enriched
aqueous methanolic extracts from almond skins and hulls were subjected to antibacterial
assays, revealing that skin extracts exhibited significantly higher antibacterial activity rates,
even greater than those of antibiotics such as gentamicin, against Pseudomonas aeruginosa,
Staphylococcus aureus, Enterococcus faecalis, and Listeria monocytogenes [10]. The same au-
thors suggest the high concentrations of phenolic compounds as the cause of this antimi-
crobial activity, mostly due to naringenin, (-)-epicatechin, protocatechuic acid, catechin,
and isorhamnetin-3-O-glucoside. Equally, the methanolic skin extracts of Pizzuta variety
showed that blanching promotes a significant loss of the antimicrobial activity, which
partially remains in the blanch water [64]. On these bases, these results were in line with
other works, in which the bacteriostatic effects of methanolic peel extracts were reported
for Salmonella enterica var. Typhimurium, L. monocytogenes, and Staphylococcus aureus, due
to the high concentrations of epicatechin, protocatechuic acid, and naringenin [35]. More-
over, the same extracts have been seen to exert a potent inhibition in the proliferation of
Helicobacter pylori from different clinical isolates, referring to protocatechuic acid as the
major responsible for this effect [53]. Due to the wide evidence regarding the antibacterial
properties of almond by-products, recent reports have proposed the application of almond
gum for the design of antimicrobial zinc oxide nanoparticles with a potent antimicrobial
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activity against S. aureus, Escherichia coli, and Salmonella paratyphi, as well as antifungal
activity against Candida albicans [70].

Besides polyphenols, polysaccharides from almond tree gum, mostly containing
galactose, arabinose, xylose, mannose, rhamnose, and glucuronic acid as monosaccharide
residuals, were explored in the basis of antimicrobial activity, being effective bacteriostatic
compounds toward S. aureus, P. aeruginosa, S. Typhimurium, E. faecalis, and E. coli [71].
Moreover, hemicelluloses from the same almond gum have been seen to promote a higher
antibacterial activity than polysaccharides in the case of both Gram-positive species, such
as Bacillus subtilis, Actinomyces sp., and S. aureus, and Gram-negative species, such as
Klebsiella pneumoniae and Salmonella typhi [72]. Such results provide insight about the
consideration of almond by-products for their revalorization, not only associated with
almond fruits, but also the products obtained from almond trees.

In addition to the antibacterial and antifungal properties of almond by-products,
their polyphenol-enriched derived extracts have been investigated to determine their
antiviral activity. For this purpose, methanolic peel extracts were applied to herpes simplex
virus-1 (HSV-1)-infected Vero cell lines, promoting an antiadhesive activity of HSV-1,
thus preventing its introduction into the cells, suppressing the synthesis of early viral
proteins and the accumulation of viral DNA [39], and increasing the virus exposition to
the action of polyphenols, mostly due to the high concentration of flavonones [73]. In
parallel, the aqueous peel extracts developed a potent antiviral activity against HSV-2
at extract concentrations of 60 pg/mL, mainly guided by kaempferol glycosides, which
were responsible for boosting the immune response in peripheral blood mononuclear cells
by modulating the synthesis of different CKs, such as interferon gamma (IFN-y), IL-4,
IL-10, and TNF-« [74]. Due to the multifaceted antimicrobial properties of almond skins,
further studies should be aimed at characterizing the mechanisms of action of these natural
antimicrobials, as well as the potential synergism between molecules on the treatment of
pathogenic bacterial, fungal, and viral infections.

3.5. Prebiotic Activity

Almond and its by-products have been valorized as prebiotic products, as well,
especially almond skins, promoting the enhancement of intestinal microbiota diversity
and improving the overall gastrointestinal function. In this sense, almond consumption
including skins has been reported to increase (3-galactosidase activity, considered as a
marker of beneficial colonic bacteria, such as bifidobacterial and lactobacilli, thus improving
carbohydrate metabolism of chronic ailments, such as Crohn’s disease and ulcerative colitis
(Table 3) [9].

The prebiotic activity of almond peels was reported by an in vitro digestion model,
showing that the dietary fiber derived from this by-product enhanced the bifidobacterial
population, including Clostridium coccoides and Eubacterium rectale after a 24-h incubation
period [75]. In addition, the same group demonstrated that both bacterial groups were not
negatively affected by the presence of polyphenols in this matrix, and that butyrate produc-
tion played a critical role in the enhancement of their growth [75], as a consequence of the
metabolization by the gut microbiota of UFAs present in almond and its by-products [56].
Such butyrate-mediated bifidobacterial promotion was assessed by Rocchetti et al. (2019),
suggesting that polyphenols from almond seeds are catabolized by colonic bacteria dur-
ing fecal fermentation [57]. Thus, skins constitute a prominent by-product causing the
prebiotic effects of almonds, thanks to their high content of dietary fiber, representing the
45% of their weight [75], and a source of bioactive prebiotic molecules, as it is the case of
xylooligosaccharides (XOS), polysaccharides, and hemicelluloses [76,77].

Besides the in vitro assessment of prebiotic activity, different clinical interventions
in humans have shed light about the effect of almond skin consumption on the gut func-
tion, revealing that both the Bifidobacterium spp. and Lactobacillus spp. increased their
populations in fecal samples, whereas it suppressed the multiplication of the pathogenic
Clostridium perfringens [58]. Moreover, the almond roasting process slightly decreased the
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prebiotic effects of almonds in comparison with the natural ones, although it improved
the metabolic effects at the intestinal tract [78]. In another randomized controlled trial, a
positive correlation between almond consumption and gut microbiota promotion was re-
ported, indicating that chopped almonds intensified Lachnospira, Roseburia, and Oscillospira
growth, whereas whole almonds increased the Dialister populations [56]. As a result, the
prebiotic effects of almond skins have generated an increasing interest in the inclusion of
this by-product in functional foods, as it is the case of functional biscuits, whose nutritional
properties were improved in terms of fiber and phenolic compound content [79], revealing
a promising applicability of almond by-products in the inclusion of functional ingredients
for the food industry.

3.6. Other Activities

Besides the above-mentioned bioactivities attributed to almond by-products, which
have been largely assessed, there are additional functionalities reported on these matrices
that open new perspectives for their valorization as source of functional ingredients. In
this regard, different authors have highlighted the effectiveness of almond by-products on
a range of chronic diseases, including dyslipidemia, diabetes, and cardiovascular diseases
(CVD), as well as their role as neuroprotective and hepatoprotective agents (Table 4).

Table 4. Health-promoting effects of almond and its by-products on chronic diseases.

Cholesterol-Lowering and Obesity-Preventing Effects

Reduction of TC, LDL-C, ApoB levels [9]

Improvement of lipoprotein profile and inhibition of LDL-C oxidation [42]

Reduction of body adiposity, body mass index, and body weight [77]
Cardioprotective effects

Reduction of atherogenic index [80]

Reduction of blood pressure [81]

Antidiabetic effects

Reduction of blood glucose level via GLP-1 production [82]
Reduction of carbohydrate absorption [83]
Reduction of insulin resistance in diabetic patients [84]

Hepatoprotective effects

Reduction of serum ALT, AST, and GGT levels [40,85]
Induction of liver antioxidant enzymes: SOD, GPx, CAT [40]

Neuroprotective effects

Alzheimer-preventing mechanisms: anxiolytic, sedative, and memory-enhancing properties [9,86]

ALT: alanine aminotransferase; AST: aspartate aminotransferase; CAT: catalase; GGT: gamma-glutamyl transferase; GLP-1: glycoprotein 1;
GPx: glutathione peroxidase; LDL-C: low-density lypoprotein cholesterol; SOD: superoxide dismutase; TC: total cholesterol.

In the case of dyslipidemia, a great variety of interventional studies have pointed at
a beneficial impact of the consumption of almond and by-products on lipid metabolism.
Indeed, the daily consumption of almonds has been seen to promote a reduction of total
cholesterol (TC), low-density-lipoprotein cholesterol (LDL-C), and apolipoprotein B, with-
out interfering with high-density-lipoprotein cholesterol (HDL-C) [9]. This improvement
of lipoprotein profile is accompanied by a reduction in TAGs levels, mostly motivated by
the presence of UFAs, minerals, vitamins and phytosterols in almond and by-products [80].
In addition, polyphenol-enriched skin extracts, used as fortifier ingredients of milk, were
reported to delay LDL-C oxidation in healthy adults, by promoting the increase of plasma
catechin and naringenin levels [42]. Consequently, these effects promote a reduction in the
central body adiposity, together with body weight and body mass index reduction, which
have been linked to the amelioration of metabolic syndrome, obesity [77,83], and CVD by
the reduction of atherogenic lipids levels and blood pressure [80,81].



Foods 2021, 10, 1793

15 of 22

Concerning the antidiabetic effects of almond, a number of interventional studies have
assessed its positive effects, being considered a food with low glycemic index, although the
identification of the constituents involved in such effects still remains a challenge [77]. In
this sense, several authors have suggested that UFAs and fiber may be the major responsible
molecules, developing a glycemic control by reducing blood glucose level through the
stimulation of glycoprotein 1 (GLP-1) production [9,82] and carbohydrate absorption, as
well as improving insulin sensitivity in type-2 diabetic patients [83,84].

Besides the cardioprotective effects, almond by-products have been also characterized
by their effectiveness as protectors of hepatic and neurological functions. The hepatopro-
tective effects of almond skins have been demonstrated in hepatotoxicity-induced in vivo
models, showing that procyanidins-enriched extracts decreased the serum levels of both
hepatic alanine aminotransferase (ALT) and aspartate aminotransferase (AST), as well as
improving the levels of antioxidant enzymes in the liver, including GPx, SOD, and CAT [40].
Such effects found in vivo were recently assessed in a randomized controlled clinical trial,
showing that almond consumption provoked a significant reduction in serum ALT, AST,
and gamma-glutamyl transferase (GGT) after 12 weeks, thus promoting an effective liver
protection in patients with coronary artery disease [85].

4. Current Trends and Future Perspectives

Currently, consumers’ habits are more selective, which has switched the tendency of
productive systems into the implementation of more efficient and environmentally friendly
production practices. As mentioned above, almond is one of the most important nuts both
in terms of surface cultivation area and production worldwide. The agri-food by-products
can be used as an alternative source of natural ingredients that may be applied for the
development of high added-value products for various industries, facing the production
of food, new materials, and energy. As a result, valorization is key factor to provide a
proper waste management, leading to their minimization and the consequent establishment
of a more integrated and sustainable industrial system, based on the implementation of
the circular economy model, including both food-related and non-related sectors. This
approach has been regarded as a high-throughput productive system for being able of
transforming wastes into profitable products, hence providing both environmental and
economic benefits.

4.1. Almond and Its By-Products in the Food Industry

Due to its health benefits, in the last recent decades, almond consumption has in-
creased, as it is a food rich in nutrients associated with health benefits. Therefore, the
increment of the almond market size has been accompanied of a larger generation of related
by-products [87]. Among the multiple potential applications of almond by-products, the
most common ones developed have been mostly focused on biomass generation for their
further use in the food and feed industries.

As a consequence of the heterogeneous products derived from almond production
systems, almond market is segmented according to different factors: (i) by type—the
almond market is divided into “Shelled Type”, in which shells are removed from almond
fruits, and “In-shell Type” [88], and (ii) by application—the almond market is divided
into direct edible use, food processing, and kitchen ingredients [89]. Besides the already
mentioned health-promoting of almond kernels, several derived products are gaining a
significant relevance in the food industry, especially almond milk and almond oil. Al-
mond milk constitutes an excellent alternative to cow’s milk, mostly motivated by the
increasing emergence of milk allergy and lactose intolerance among the general population.
In this sense, this almond-based product experienced a fast-growing presence in both
North American and European markets due to its high content in MUFAs, which assist in
body weight management and lowering LDL-C levels [90]. In the same way, almond oil,
characterized by their high MUFA content, has been also reported because of its beneficial
impact on cardiovascular disease prevention, acting as an enhancer of blood lipoprotein
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profiles [91]. Moreover, the use of partially delipidified almond flour (PDAF) obtained from
the extraction of almond oil is an example of the use of this by-product as an ingredient for
the manufacture of biscuits under the name of “almendrados” [1].

As a result, almond by-products represent valuable residues, as they represent a
promising source of sustainable and natural ingredients that may have further applications
in the food industry.

4.2. Other Uses for Almond By-Products

Besides the importance of almonds and derived products for food applications, these
resources have been explored for novel approaches, in order to implement a solid circular
economy system around this productive agri-food sector. Among them, almond shells play
a central role in this purpose due to their lignocellulosic nature, which provides a wide
range of applications associated with the exploitation of this material.

One of the alternative applications that are still in progress is the use of almond
shells as heavy metal adsorbents in the wastewater, mainly from the textile industry. The
presence of heavy metals in wastewaters is a great environmental problem because of
their pollution effects to either superficial or ground waters [3]. Nowadays, the search
of different adsorbents to these pollutants is focused on the use of various natural and
low-cost materials recovered from by-products. Scientific literature provides a vast variety
of cost-effective materials that has been used as adsorbents, such as tannin-rich materials
and lignin obtained from pine bark, dead biomass, or sawdust; peat moss; chitin and
chitosan from fly ash; modified wool and cotton; rice husks; or animal bones [3]. Almond
shells and other similar agricultural by-products, such as sugar cane bagasse or walnut
shells, have been pointed out as an economic and rich source of biomass for the preparation
of activated carbon. Most of the materials used for activated carbon preparations are not
self-renewing. Therefore, the use of almond by-products shows a double environmental
benefit. The high added-value ingredient recovered as activated carbon is aimed for
adsorption, separation, and purification processes to perform in aqueous or gaseous
solution systems. Activated carbon can also be used in catalytic processes, acting itself as a
catalyst and thus playing an important role in different chemical, pharmaceutical, and food
industries [92,93]. Few studies have analyzed the adsorption capacity of almond shells
as an environmentally friendly and low-cost adsorbent on several textile dyes. Different
approaches that considered the type of shell, pH, or various activated carbon formulae
have been developed for removing various textile dyes (Direct Red 80, methylene blue or
crystal violet) from wastewaters. In general terms, the application of almond shells results
in a very efficient dye removal that may reach values of 97% that imply dye retentions
of nearly 50 mg/L for Direct red 8, 148-833 mg/g for methylene blue, or 625 mg/g for
crystal violet [92-94]. Therefore, although the generation of industrial effluents containing
textile dyes is almost inevitable, both previous and future experimental studies may
provide suitable remediation plans for the minimization of their unfavorable impacts by
the elimination of secondary materials from these wastewaters [92].

In addition, the lignocellulosic composition of almond shells has motivated their appli-
cation for the production of wood-based composites, but also prompted the fortification of
plastic materials [95,96]. Concerning other industrial uses with promising results, the high
lignin content of shells was correlated with a high heating value, indicating the possible
use of this almond by-product as fuel [97]. Moreover, with respect to the agricultural
sector, almond shells have been identified by as natural growing media for soilless crop
culture, thus being considered as a potent solution to develop their use as an ecological
and environmentally friendly substrate, as already demonstrated for tomato culture [98].

On the other hand, almond milk and oil have been reported for their potential use
on cosmetics, being valuable skin and hair-care products administered topically with the
aim of promoting healthy effects, such as soothing; pain-relief; circulation-enhancement;
moisturizing; and in the case of oil, sunlight protection [99]. Consequently, the multifaceted
nature of almond and derived products facilitate their exploitation on different econom-
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ical and industrial sectors, simplifying the establishment of a circular economy system,
involving not only the food industry, but also animal feed, cosmetics, pharmaceutical, and
material industries.

5. Conclusions

The current increasing trend of almond nut production has been accompanied with
an increment in the waste generation, which reveals the importance of seeking solutions
to minimize and reutilize them. Traditionally, studies have mainly focused on the phyto-
chemical characterization of almond nuts. However, currently, numerous studies analyze
the bioactivities associated with different biomolecules recovered from the almond by-
products: shells, skins, hulls, and blanch water. They are considered to have a high content
of phenolic compounds, but in very variable quantities depending on various factors,
such as the crop selected, the ripening time, the extraction protocol, and the quantification
method used. In almond skins, high levels of phenolic acids, including both hydroxyben-
zoic and hydroxycinnamic acids and flavonoids, are mostly represented by naringenin
and catechins. Other compounds described as characteristics of almond by-products are
tannins, which can be found both as hydrolysable and condensed forms. As for the total
fatty acid content, previous studies have shown that 99% of the fatty acids in almonds are
composed of oleic, linoleic, palmitic, and stearic acids, revealing that MUFAs are the most
prevalent compounds. Additionally, almonds and their by-products can be an effective
source of vegetable proteins, as they have a high percentage (20-25%) in both the kernel
and the almond cake. However, almond shells and skins have lower protein levels with
10-13% and 5-7% values, respectively.

The high polyphenol content, both in almonds and their by-products, confer to these
natural matrices a potent antioxidant activity related with positive health effects. Regarding
by-products, almond shells contain high levels of proanthocyanidins and flavonols with
strong antioxidant capacity associated. Besides polyphenols, the presence of other bioactive
compounds such as UFAs and high-quality proteins reinforces the antioxidant capacity of
almond by-products and prompts their ability as anti-inflammatory and even anticarcino-
genic agents. In parallel, the presence of polyphenols in by-products has been described to
be capable of acting as antimicrobial agents, being effective against both Gram-positive
and Gram-negative bacteria, fungi, and viruses. On the other hand, almond shells can
provide prebiotic activity as they may promote the diversification of gut microbiota and
improve the gastrointestinal function. In addition to those mentioned above, there are
additional functionalities of these matrices that serve as prospects for their valorization as
a source of functional ingredients. Indeed, the efficacy of some almond by-products has
been proved in several interventional studies to be effective on the prevention of chronic
diseases, such as dyslipidemia, diabetes, and cardiovascular diseases, as well as their role
as neuroprotective and hepatoprotective agents. Moreover, almond by-products have
been described to be applicable to industrial fields such as wastewater treatments, and the
production of active carbon, fuel, and heating energy.

In summary, the application of the circular economy model to the exploitation of al-
mond by-products may allow the recovery of natural ingredients to prompt the formulation
of new nutritional, cosmetic, and pharmaceutical products, a new productive strategy that
would meet future consumer expectations on environmental impact and human health.
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