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Abstract: In recent years, the global production and industrialization of avocados has led to the
generation of large numbers of peel, seeds, and leaf by-products with significant environmental
implications. Current efforts, including the Sustainable Development Goals, aim towards the devel-
opment of sustainable operations through the valorization of waste. Previous research has focused on
studying the rich chemical composition of these avocado by-products. Current studies are working
on the isolation of polyphenols, flavonoids, phenolic acids and other bioactive compounds found in
avocado peel, seeds and leaves for applications in nutraceutical products in the food, pharmaceuti-
cals and cosmetics industries. The inclusion of these extracts in industrial matrices often requires
stabilization technologies such as encapsulation emulsions to ensure the delivery and bioactivity
of these target compounds. This review will discuss the global production volumes of avocado
and its by-products as well as the potential inclusion in various industries based on their chemical
compositions. Additionally, this work addresses the various applications that have been previously
proposed for the wastes and their extracts. This review also covers the stabilization techniques
previously employed in avocado extract treatment, their applications, and the current challenges and
opportunities associated with avocado by-products.

Keywords: avocado extract; bioactive compounds; agri-food byproducts; encapsulation; stabilization;
agri-food waste

1. Introduction

Avocado (Persea americana) is one of the most widely consumed tropical fruits with
demand exponentially growing over the last decade [1]. In 2022, global avocado production
was approximately 8.98 million metric tons, which represents an increment of 1.05 com-
pared to the 8.57 million metric tons totaled in 2021 [2]. The largest production of avocado
comes from Central America and the Caribbean region. In 2021, Mexico reported a grand
total of 2,442,945 tons of avocados, almost a third of the world's production [3]. More than
500 varieties of avocado have been identified; nevertheless, among the numerous species
of avocado previously identified, only a handful are widely cultivated and commercialized,
including Bacon, Ettinger, Pinkerton, Reed, Fuerte and Hass [4]. The latter are extensively
consumed internationally.

Avocado is mostly consumed as fresh produce. Recent industrialization of avocado
includes oil extraction and guacamole commercialization which only require the pulp of
the fruit, generating significant amounts of waste causing environmental issues, such as
gas emissions, and water pollution, among others, that require urgent attention [5].

The byproducts typically represent about 40% of the total avocado industrialization.
These numbers can increase depending on various factors such as the size of the industry,
the extent of processing, and so on. The seeds and peel represent an average of 18-31% of
the mass of the fruit, depending on the variety of avocado [6], reaching an annual grand
total of more than 1.2 million tons of avocado seeds and peels [7]. Additionally, tree pruning
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during the winter and summer seasons lead to an accumulation of residual biomass from
the leaves of the avocado trees [8,9].

Current industrial processes point towards more sustainable practices, particularly
in the agro-industrial realm. Several by-products are generated by the avocado sector
which could be exploited by industries in beneficial ways to contribute to the zero-waste
target as well as the circular economy idea proposed in the Sustainable Development Goals
(SDGs). SDGs are a collaborative effort between all countries of the United Nations that
seek the reduction of poverty, elimination of hunger, and protection of the planet among
other objectives. In the current 2030 agenda, the second goal focuses on food security,
high nutrition and sustainable agriculture. The 9th and 12th goals aim to reach sustainable
industrialization, consumption, and production [10]. To contribute to these collective efforts
of sustainability, the appropriate management of agro-industrial residues is required.

Previous studies focused on avocado byproducts have found a large variety of com-
pounds of added value in these by-products including protein, lipids, fiber, and carbo-
hydrates [5,11]. Moreover, the presence of bioactive molecules such hydroxycinnamic
acids, flavonoids, and proanthocyanins make avocado seeds, peel and leaves a possible
source of antioxidants for industrial applications [12]. These compounds can be recovered
from the avocado residues using hydroalcoholic solvents along with various extraction
methods including maceration, ultrasound-assisted extraction, and microwave-assisted
extraction (MAE), among others [13-16]. The overall antioxidant capacity and phenolic
content of the extracts depend on the extraction parameters. Previous studies have shown
potential applications of the extract and by-products in the food, pharmaceutical, pigment
and nutraceutical sectors [5]. The inclusion of the extract into pharmaceutical or food prepa-
rations usually requires stabilization processes that help maintain the antioxidant capacity
of these compounds. Some techniques previously employed include emulsification and
microencapsulation through various methods such as spray-drying, coacervation, and
freeze-drying [17,18].

This article reviews the bioactive profile of avocado extracts from their seeds, peels,
and leaf waste and their potential application and stabilization methods. First, we discuss
the residues associated with avocado industrialization and their possible application in
various sectors. Second, we cover the chemical composition of the avocado by-products,
including minerals, phytochemicals, lipids, protein and carbohydrate content. Third, we
discuss the treatment technologies that have been tested to extend the antioxidant capacity
of the avocado extracts. We then conclude with the challenges to overcome in the waste
recycling of the avocado industry.

2. Uses of Avocado Agro-Industrial Residues: Seed, Peel, and Leaves

Driven by the environmental concern of the large amount of residue generated by
the avocado industry, numerous studies have been dedicated to finding valuable chem-
ical compounds in avocado seeds (ASs), peel (AP), and leaves (ALs) and their potential
application in other industrial sectors (See Figure 1). The high content of flavonoids and
phenolic acids in these residues have been studied as potential antioxidants, particularly
for the food and pharmaceutical industry [19].

Dabas et al. observed that ground ASs produce a bright orange color (A visible =
480 nm) in water. Furthermore, the authors obtained a phenolic content of approximately
219.4 mg/g gallic acid equivalent (GAE) for the AS extract, which shows potential appli-
cations in the food industry as a source of natural pigments [20]. Later on, Hatzakis et al.
identified the main-colored compound in the AS extract using HPLC-UV/Vis and named
it perseorangin, a yellow-orange solid compound that contains glycosylated benzotropone
and absorbs at Amayx = 445 [21].

Other studies delved into the potential of avocado peel extracts as an antioxidant
and functional food ingredient. Rotta et al. used dried avocado peel in tea formulations,
resulting in a beverage with notable antioxidant activity of 1954.24 uM Trollox equiva-
lent (TE), and a total phenolic and flavonoid content of 123.57 mg GAE/L and 14.09 mg
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quercetin equivalent (QE)/L, respectively, showing no statistical difference after 45 days
of storage, showcasing the stability of AP teas and potentially developing high antiox-
idant functional beverages [22]. Another approach by Merino et al. developed highly
antioxidant bioplastic films from AP and AS for food packaging applications. The films
were processed by three different methods, and it was shown that using hydrolysis and
plasticization followed by blending with pectin polymers obtained the materials with the
most competitive properties and notable antioxidant activity, ranging from 3.3 to 4.7 pmol
TE/g dried sample, developing a sustainable alternative to traditional food packaging [7].
Vargas-Torrico et al. incorporated an AP extract into gelatin/carboxymethylcellulose active
films, enhancing their mechanical properties without affecting their integrity. The incorpo-
ration of AP extract also significantly decreased the moisture and solubility in the films,
from 12.48 to 11.02% and 40.13 to 35.39%, respectively. The DPPH scavenging activity
increased significantly, from 24.16 to 63.47%. Fresh berries were stored in the films, and a
perseveration study showed no fungal activity in over six days of storage [23].

Therapeutical leaves Anticholinergic
agent agent

Anti-convulsant
agent

Figure 1. Avocado byproducts and their potential application in different industrial sectors.

In pharmaceutics, avocado leaves are widely used due to their therapeutical proper-
ties [24]. ALs have been studied as potential antihypertensives, demonstrating an inhibition
of the angiotensin-converting enzyme of 73.3%, which causes a decrease in both systolic
and diastolic blood pressure [25]. Similar work observed anticonvulsant properties, de-
laying the onset of pentylenetetrazole-, picrotoxin -, and bicuculline-seizures in mice [26].
Another pertinent study showed anticholinergic activity in AL. The hydroalcoholic extracts
of the leaves demonstrated strong inhibition of acetylcholine and butyrylcholine enzymes,
ranging from 0.0168 to 0.0171 and 0.0214 to 0.0226 ICs), ng/mL, respectively, which could
be potentially used to treat neurodegenerative diseases. AL extracts also showed strong
antioxidant activity ranging from 240 to 601 ICsp, pg/mL [15]. Srianthie et al. studied the
potential antioxidant, antibacterial and anti-inflammatory activity of aqueous AL extracts.
The extract showed a lower antioxidant activity than the ascorbic acid reference, 11.3-52.3%
and 28.0-90.7%, respectively. However, it still represents the potential to act as a free
radical scavenger in the protection of biomolecules and the prevention of various diseases.
Additionally, the anti-inflammatory activity of the extract during the lysis of human red
blood cells was measured, resulting in membrane protection of 48.0-60.6% in contrast to
the 39.7-49.0% observed with aspirin, showing that AL extract offered higher membrane
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protection than aspirin [27]. Dabas et al. studied the antioxidant activity of a colored AS ex-
tract as well as the in vitro cancer inhibitory potential of this extract. The methanolic extract
showed dose-dependent antioxidant activity, with an ORAC value of roughly 2012 TE/mg.
Moreover, the AS extract reduced the lipid hydroperoxide formation in an oil-in-water
emulsion by 33%. The extract also reduced the viability of human breast, lung, colon and
prostate cancer cells in vitro, with half maximal inhibitory concentrations of 19-132 pg/mL
after 48 h of treatment [28]. Additional antidiabetic and hypocholesterolemic properties
have been observed in AS extracts [29] as well as anti-neurodegenerative properties [30].

In cosmetics, Ferreira et al. incorporated AP ethanolic extracts in both oil-in-water
and water-in-oil cosmetic formulations [31]. The results showed strong DPPH inhibition of,
approximately, 93.92% and a low ICsg value of roughly 37 (Ugsample mLpppr 1), therefore
showing a high antioxidant capacity, dependent on extraction time. In addition, inhibition
in the growth of bacteria of the Staphylococcus family was evaluated. The AP extract
showed a notable inhibition halo diameter against S. aureus and S. epidermidis, measuring
at approximately 13 and 14 mm, respectively; however, for the E. coli strain, there was no
considerable halo observed (<5.0 mm). These results were compared to formulations with
BHT and phenoxyethanol, demonstrating the potential to replace synthetic preservatives
in products. Recent environmental applications of ASs as low-cost adsorbent material
to eliminate heavy metals from wastewater demonstrated a removal efficiency of up to
98.86% in reducing the concentration of hexavalent chromium ions from wastewater, sea
water and tap water [32]. Other studies were able to prepare Cu*? nanoparticles using AS
extract with antibacterial properties; moreover, these nanoparticles were used as adsorbent
in the removal of Cd*? from contaminated water at a low cost with a removal percentage
of 97%. [33]. Avocado seeds can also be a source of biogas and biodiesel, as well as a
source of natural dye and starch for production [34]. Moreover, Rodriguez-Martinez et al.
proposed a novel biorefinery strategy that employs avocado seed and peels to obtain
compounds with an active market demand such as phenolic extracts, succinic acid, and
pectooligosaccharides [5].

3. Chemical Composition of Seeds, Peel, and Leaves

The chemical composition of avocado byproducts can vary depending on the part of
the fruit, processing method and variety [35]. Table 1 shows the chemical composition of
the residues from different varieties of avocado. The key components typically studied are
protein, moisture, lipids, and ash, and the main ones are fiber and carbohydrates [11].

Table 1. Chemical composition of byproducts from different varieties of avocado. Different letters
indicate dry or fresh sample; a = fresh sample, b = dry sample. NR = not reported.

Avocado

Component (g/100 g Sample)

) Variety
Residue Moisture Protein Fats Carbohydrates Ash Fiber Reference
Negcr;‘u‘;e la 5870+020a 060+020a 132+06la 3351+151a 1104+00la  492+271a
[36]
Hass 5761 +36la 191+00a 202+03la 3204+172a 152+002a 501+02la
Hass 1327 +£001b  1994+140b 1573+1.19b 4821 +4.12b 0.84+0.02b  410+0.16b [37]
Hass NR 34+001b 32+001b  675+001b 1.6 +£0.01b 21.6 £0.01b [38]
Seed NR 13.09 £0.14b  2.64+00b 0.33+£0.00b 80.124+0.15b 3.82+0.00b  2.87+0.00b [39]
e NR 8.6+0.14b 23.0+280b  141+018b  4474+480b  24+0.70b 71+123b [40]
Thofe‘gs"“ 6051+ 0.80b  02040.09b  2.09+0.07b 35.27b 193+0.12b  3.08+£0.13b [41]
Hass 5445+233a 219+016a 1474+032a NR 1.29 +0.03a NR [42]
NR 9.924+001b 1794+ 140b 1654+210b 48.11+413b 240+019b  3.10+0.18b [43]
NR 672+ 0.6b 9.6+1.6b 39+03b NR 23+04b 10.7 +2.8b [44]




Appl. Sci. 2024, 14, 10070 50f 19
Table 1. Cont.
Avocado Variety Component (g/100 g Sample)
Residue Moisture Protein Fats Carbohydrates Ash Fiber Reference
Th"r“e‘gs"“ 6844+191b 0524+0.15b  8.62+020b 19.53b 289 +£0.17b 1274 +0.67b [41]
Peel Hass 69.13+258a 191+008a 220+1.65a NR 1.50 + 0.08 a NR [42]
NR 40+0.1b 64+02b 47+04b NR 20+03b 439+21b [44]
Loat NR 533+062b 2554+252b 401+0.16b  734+041b 1938+434b 3840+512b [43]
ea:
NR 8.01+1.13b NR NR NR 624 +130b NR [45]

There are several factors including climate, precipitation, and region that may impact
the development of the fruit and therefore, the chemical content of the avocadoes [4]. There-
fore, significant differences can be found between authors, even when it is the same variety
of avocados. Similarly, different fractions of proximate components can vary depending
on the byproduct referenced. For the AS, the main components are carbohydrates which
can be found ranging from 32.04 to 80.12%, followed by fiber contents ranging from 2.87 to
21.6%, fats extending from 0.33 to 16.54%, and proteins that can fluctuate from 0.20 to 23.0%,
along with other valuable proximate components found in AS such as ash and moisture,
ranging from 0.84 to 3.82% and 8.6 to 67.2%, respectively. As for the AP, it was found to be
mostly composed of fiber and fats, which can range from 12.74 to 43.9% and 2.20 to 8.62%,
respectively, along with a significant fraction of moisture that can vary from 4.0 to 69.13%;
other components can be found, such as carbohydrates (19.53%), protein (0.52-6.4%) and
ash (1.50-2.89%). Lastly, ALs are mostly composed of fiber (38.40 £ 5.12%) and proteins
(25.54 & 2.52%), and different authors have also found fractions of moisture ranging from
5.33 to 8.01%, fats and carbohydrates at approximately 4.01% and 7.34%, respectively, and
ash in the range of 6.24 to 19.38%.

Because of the high content of carbohydrates in these byproducts, specifically ASs,
which can contain paraffins such as methane and fermentable sugars, avocado byproducts
represent a very promising source for bioenergy production, such as biogas and ethanol. In
addition, because of the oil content of both AP and ASs, these extracted oils can be used
for the production of biodiesel [5,34,46]. ASs can also be a good source of dietary fiber,
generally consisting of 21.6 g of fiber /100 g, depending on the cultivar. Siol and Sadowska
designed a cereal product with AS powder that showed significantly higher content of
total phenolics and antioxidant activity compared to control, and also was able to increase
the dietary fiber content by 4% percent, even in the lowest level of addition of AS powder.
These results allowed the AS powder to be claimed as a “source of fiber” according to
regulations [38]. Because AS has a high content of carbohydrates, it also contains high
levels of starch, over 90%, which can be applied to create biopolymers, textile production as
a sizing, stiffening and thickening agent, as well as other food applications [34,47,48]. Both
ASs and AP, because of their lipid content, are promising potential sources of saturated,
monosaturated and polysaturated fatty acids. Morais et al. studied the composition of
different parts and dried peels of tropical fruits cultivated in Brazil, and, when compared
with the other samples, ASs showed the highest content of fatty acids. The main fatty
acids that can be found in AP and ASs are oleic acid, linoleic acid, alpha-linoleic acid, and
docosahexaenoic acid, which are very important for human health [44]. These fatty acids
are key in preventing heart diseases, which highlights the potential of these residues as
functional food ingredients.

As shown in Table 2, several minerals are also found in the by-products. Elements such
as sodium, calcium, magnesium, phosphorus, zinc, iron, copper, potassium and manganese
can be found in the leaves, peels and seeds of the avocado [5]. A few studies have also
identified the presence of several vitamins in the by-products. For instance, in the AP and
ASs of the Hass variety, Vinha et al. identified Vitamin C, at approximately 4.1 and 2.6 mg
per 100 g of fresh weight, and Vitamin E, at approximately 2.13 and 4.82 mg per 100 g of
fresh weight, respectively [42]. Other studies have identified vitamins A, By, By, B3, C,
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and E in concentrations of 10.11, 0.33, 0.29, 0.06, 97.8, and 0.12 mg per 100 g of ASs [49].
The chemical content of AP, ASs, and ALs offer a huge potential as a source of high-value
compounds that can be applied in different areas of industry.

Table 2. Mineral composition of byproducts of different varieties of avocado. NR = not reported.

Component (mg/100 g Dry Sample)

Avocado

Residue Na Mg P Zn Fe Cu K Mn References
Seed 0.30-39.4 0.8204349  0.100-558  0.097-57.35 0.09-1.6 031-37 0.98-16.7 e 15+0.1 [40,43,44]
Peel 211£22  6793+536  469+23 NR 16+02 2303 45+21  89.0+712  14+01 [44]
Leaf 80424912  56.13+331 e 489+550 7214262 1461 +418 5714126 14892 % NR [43]

The mineral composition of avocado by-products is of great importance for both the
health and industry sectors. For instance, mining metals such as Mn, Mg, Ca, Na, and
K could benefit steel making, alloys, cement fabrication, salts, and fertilizer production,
respectively, at the industrial level [50]. Over the last decade, there has been a rapid in-
crease in the manganese demand for various applications including agricultural production,
battery manufacturing, and steel production which depends heavily on this element [51].
Another widely used metal that could be isolated from avocado residues is copper, which
conventional mining protocols carry significant environmental consequences such as air,
soil, and water contamination [52]. The availability of these elements in the waste as well
as the feasibility of the recovery processes must be considered. Health benefits associated
with these minerals include the participation in biological redox reactions of copper, the
prevention of anemia by iron, energy processing of phosphorous and magnesium, regu-
lation of ATP by sodium and potassium, and enzyme binding of zinc [53]. On the other
hand, high intake of Na and K has been associated with hypertension, and excess zinc may
lead to copper and iron deficiencies [54].

4. Bioactive Profile of Avocado By-Product Extracts

Various extraction methods can be considered for the recovery of the high-value
bioactive constituents from AP, ASs and ALs. These procedures include conventional solid—
liquid extractions such as maceration, hot extraction, and Soxhlet, as well as novel green
technologies like microwave and ultrasound-assisted extractions. Hue et al. assessed the
efficiency of maceration, percolation, hot, and Soxhlet extraction in recovering polyphenolic
compounds from avocado seeds using 70% ethanol in a 1:3 avocado/solvent ratio. The
extraction yields ranged from 14 to 21%, with maceration being second to last at 16%. As
for TPC, Soxhlet extraction and maceration showed the highest efficiency for polyphenol
compound extraction, with 189.67 and 179.04 mg GAE/g dry weight, respectively. Overall,
Soxhlet extraction and maceration proved to be the most effective [55].

Novel green technologies have been previously employed in the extraction of bioactive
compounds [8]. For instance, ultrasound-assisted extraction (UAE) can be used with a large
variety of solvents due to its yields, cost efficiency, and simplicity. Husen et al. evaluated the
effects of UAE on the phenolic content of avocado extracts, and the results showed higher
TPC values than those extracted conventionally, 219-235 mg GAE /100 g and 130-163 mg
GAE/100 g, respectively [56]. Other green technologies found in the literature are Ohmic
heating-assisted extraction (OHAE) and microwave-assisted extraction (MAE). OHAE
allows a more efficient extraction of bioactive compounds by producing electroporation
in cellular tissues [57], while MAE is based on the direct impact on polar compounds
by polarization of polar water molecules in food, and offers advantages such as quicker
heating for the extraction of bioactive compounds, therefore lowering the extraction time,
and producing higher yields [8,58]. Gumustepe et al. compared both OHAE and MAE for
the valorization of avocado leaves obtaining 37.35 and 23.32 mg of TPC per 100 g extract,
respectively. The authors believe that the high temperatures required in MAE impact the
integrity of the polyphenolic compounds [8].
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Another important variable that affects bioactive compound recovery is the solvent.
Most studies have focused on hydroalcoholic solvents due to their potential applications
in the food and pharmaceutical industries. Folasade et al. studied the influence of four
different solvents on the antioxidant properties of avocado seeds. The solvents selected
were acetone, ethanol, ethyl acetate and water. The highest antioxidant value reported was
from 100% acetone, while the lowest was from 70% ethanol, 265.75 and 150.6 mg AAE/100 g,
respectively. This variation in antioxidant activity indicates that the solubility of antioxidant
compounds on the selected solvent directly impacts these results. Authors also found that
antioxidant activity was higher when solvents were used at 100% concentration, with 100%
ethyl acetate, ethanol and water extracts showing results of 229.65, 214.2 and 175.95 mg
AAE/100 g, respectively. TPC values ranged from 5.03 to 10.99 mg GAE/100 g, with
100% acetone being the highest, and 70% ethanol the lowest; these results also showed no
significant difference between water and ethyl acetate values, 6.25 and 6.65 mg GAE/100 g,
respectively [59]. New and sustainable deep eutectic solvents (DESs), which are based on
natural compounds, like amino acids, sugars and carboxylic acids, and are found in most
organisms, have been studied for the extraction of bioactive phenolic compounds from
avocado peels. Rodriguez-Martinez et al. selected five different DESs and evaluated their
efficiency by measuring their phenolic and flavonoid content, and all tested DESs showed
better results when compared to ethanol. The highest TPC results for DESs were 92.03 and
92.09 mg GAE/g dried AP, while ethanol showed 25.27 mg GAE/g dried AP [60]. Extraction
time can also highly impact the yield of extraction; nevertheless, most authors have found
it to be highly experimental, depending on the extraction method and solvent used.

Several authors have further studied the chemical composition of these avocado
extracts with analytical techniques such as high and ultra-performance liquid chromatogra-
phy (HPLC and UPLC), mass spectrometry (MS) and other variations of these techniques.
Although the concentration of phenolics, flavonoids and other compounds can be mea-
sured with UV /Vis spectrophotometry, chromatographic techniques are necessary to assess
the structure and activity of these compounds. Velderrain-Rodriguez et al. identified the
phenolic compounds in avocado seed, peel and seed coat extracts using AcQuity Ultra
Performance™ liquid chromatography with a triple quadrupole detector mass spectrometer
(UPLC-ESI-MS/MS) to identify phenolic compounds such as phenolic acids, flavonoids and
terpenes, achieving the detection of 72 different compounds [13]. In another study, Trujillo-
Mayol et al. used high-performance liquid chromatography paired with a quadrupole
time-of-flight mass/mass spectrometry (HPLC-ESI-qTOF-MS/MS) to identify the phe-
nolic compounds in AP extracts, detecting 48 compounds between phenolic acids and
flavonoids. [61].

As shown in Table 3, depending on the byproduct (seed, peel or leaves), these bioactive
compounds can be found in different concentrations. AP has been reported to contain high
concentrations of phenolic acids, such as 4-hydroxybenzoicacid, chlorogenic acid, benzoic
acid, and p-coumaric acid and flavonoids such as type B procyanidin dimers, catechins
and quercetin derivates. ASs can contain high concentrations of phenolic acids such as
tyrosol-derived phenolic molecules and flavonoids among catechin derivates, sakuranetin
and luteolin. Penstemide is a terpene that has been found in AP and AS extracts. As for AL
extracts, these have been proven to have a higher content of total phenols than ASs and AP,
and are rich in phenolic acids like p-coumaric acid and chlorogenic acid, and flavonoids
among catechin and quercetin derivatives [6,9,13,16].
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Table 3. Bioactive profile of avocado byproducts. GA (Gallic Acid); GAE (Gallic Acid Equivalent);
RE (Rutin Equivalent); QE (Quercetin Equivalent); TE (Trolox Equivalent). * Most relevant, is not
limited to. Different letters indicate a different expression of concentration in TPC, TFC and DPPH
analysis; a = (mMol GA /100 g of extract); b = (mg GAE/g dried extract); ¢ = (mg GAE/g extract);
d = (ug GAE/mg extract); e = (mg GAE/100 g extract); f = (mMol Cat. eq./100 g of extract); g = (mg
RE/g dried extract); h = (ug QE/mg dried extract); i = (ECsg ,,g/mL); j = (ug TE/g dried extract);
k = (mgTE/g dried extract); 1 = (IC59 g Antioxidant/kg DPPH); m = (uMol TE/g dried extract);
n = (mg TE/g extract); o = (IC5p pg/mL); p = (IC50 mg/mL).

Extraction
Method

Avocado
Residue

Observation

Bioactive Compounds *

Total Phenolic
Content (TPC)

Total Flavonoid
Content (TFC)

DPPH

References

Maceration

Peel residues were
freeze-dried before
the extraction
process. Solvent
used 80% ethanol,
incubated for 20 h
at40°C.

Flavonoids (epicatechin; type B
procyanidin dimer, type B
procyanidin trimer,
Procyanidin tetramer, quercetin
arabinoside glucoside,
kaempferol arabinoside
glucoside)

Phenolic acids (Protocatechuic
acid glucoside; tyrosol
glucoside arabinoside;

5-O-caffeoylquinic acid)

Terpenes (Penstemide)

309.95 4+ 25.33 a

12.54 +0.52 f

72.64 £10.70 i

[13]

Solid-Liquid
Extraction (SLE)

50-70 °C,
hydroalcoholic
mixture (60/70%)

Flavonoids (glycosylated
quercetins (arabinosyl,
diglucoside,
rhamnoside, xylosyl
rhamnoside, rutinoside, etc.),
procyanidins, (epi)catechin,
luteolin, kaempferol)

Phenolic acids (derivatives of
quinic acid or shikimic acid)

190+ 10b

Not Reported

1500

[62]

Ultrasound-
Assisted
Peel Extraction (UAE)

50 °C; 37 kHz

Flavonoids (catechin,
epigallocatechin 3-coumarate,
quercetin-dihexose, quercetin
O-arabinosyl-glucoside, rutin,

quercetin, quercetin

3-glucoside, luteolin 7-O-(2"-O
pentosyl) hexoside), naringenin,
taxifolin)

Phenolic acids
(4-hydroxybenzoic acid;
chlorogenic acid; benzoic acid;
p-coumaric acid)

4534+ 17D

8756 £ 1.2 g

7323 +3.4k

[16]

Maceration

Solvent used
80%methanol for
24 hat15°C. The

filtered samples
were lyophilized.

Flavonoids (catechin,
epicatechin, apigenin,
kaempferol, quercetin,
quercetin diglucoside,
quercetin
3-O-arabinosyl-glucoside)

Phenolic acids (quinic acid,
citric acid, 5-O-caffeoylquinic
acid, caffeic acid, syringic acid,
p-coumaric acid, ferulic acid,
sinapic acid)

1058.0 £59.7 b

Not Reported

825+4.11

[63]

Ultrasound-
microwave
combined method

The solvent used
was 80% ethanol
and
distilled water.

Flavonoids (quercetin
diglucoside,
quercetin3-O-arabinoglucoside,
quercetin3-O-galactoside,
kaempferol, procyanidin dimer
B, (epi)catechin, procyanidin
trimer B, quinic acid
derivatives)

Phenolic acids
(5-O-caffeoylquinic acid,
chlorogenic acid dimer,
protocatechuic acid, ethyl
chlorogenate)

29742 +10.7b

Not Reported

900.4 £8.8m

[61]




Appl. Sci. 2024, 14, 10070 90f 19
Table 3. Cont.
Avocado Extraction . . . Total Phenolic Total Flavonoid
Residue Method Observation Bioactive Compounds * Content (TPC) Content (TFC) DPPH References
The experiment
used two designs,
one with one with
acetone (99.5%
(f/ v) purity) at Flavonoids (catechin,
70% and one with epicatechin, (epi)catchin
ethanol allate)
Mi (99.5% (v/v) &
Microwave- ity). We will ]
assisted extraction purity). 307.09 &+ 14.16 ¢ Not reported 266.56 + 2.76 n [14]
reference the
extracts with
acetone at 70%,
since it was shown
to
extract bioactive
compounds with Phenolic acids
higher antioxidant (3-O-caffeoylquinic acid,
activity. 3-p-coumaroylquinic acid,
caffeoylquinic acid)
Flavonoids (trimer
.. 50-70 °C, procyanidins, (epi)catechin,
Ef;gft‘ig;qgfm hydroalcoholic luteolin, kaempferol) 60+ 10b Not Reported 500 + 10§ [62]
mixture (60/70%) Phenolic acids (derivatives of
chlorogenic acid)
Seed Flavonoids (catechin,
epicatechin, procyanidin dimer
Seed residues were (type B), procyanidin trimer
freeze-dried before (type A), sakuranetin, luteolin)
. extraction process. . 1
Maceration Solvent usIZd 80% Phenolic acids (sa}idrqside, 23236 +12.25a 213+0.22f 90.91 +3.59 i [13]
ethanol, incubated caffeoylshikimic acid,
for 20 h at 40 °C. 3-O-caffeoylquinic acid)
Terpenes (Penstemide)
Flavonoids (catechin,
epicatechin, apigenin,
kaempferol, quercetin,
Solvent used quercetﬁe?éégtlil:lco&de,
80%methanol for 3.0 bc.l Lol ide)
Maceration 24 hat15°C. The ~-arabinosyl-giucoside 1303.0 + 67.7b Not Reported 90.1 + 451 [63]
filtered samples Phenolic acids (quinic acid,
were lyophilized citric acid, 5-O-caffeoylquinic
acid, caffeic acid, syringic acid,
p-coumaric acid, ferulic acid,
sinapic acid)
Flavonoids (type B procyanidin
dimers, type B procyanidin
trimers, catechin, epicatechin,
Seed Cfoat reséd_ugs type A procyanidin dimers,
were freeze-drie tvpe A idin tri
before extraction ype A procyanidin trimers)
Seed Coat Maceration process. Solvent Phenolic acids 208.87 +11.67 a 341+036f 36.80 + 11.03 i [13]
used 80% ethanol, (3-O-caffeoylquinic acid,
incubated for 20 h 4-O-caffeoylquinic acid,
at40°C. 5-O-caffeoylquinic acid, tyrosol
glucoside, salidroside)
Terpenes (Penstemide)
The extracts were Flavonoid's gprOFyanidin dirper,
fermented with procyanidin trimer, catechin
lactic acid bacteria. diglucopyranoside, cinchonain,
Dried fermented quercetin and quercetin
Ult . powder was derivatives, luteolin
Leaves E rasonic dissolved in an derivatives, cinchonain) 17.34-30.72 b Not Reported 25.56-53.88 k [9]
xtraction 80/20
ethanol/water Phenolic acids (protocatechuic

solution to the
place in the
ultrasonic bath.

acid-4-glucoside, p-coumaric
acid, chlorogenic acid, sinapic
acid-C-hexoside)
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Table 3. Cont.
Avocado Extraction . . . Total Phenolic Total Flavonoid
Residue Method Observation Bioactive Compounds * Content (TPC) Content (TFC) DPPH References
Flavonoids (kaempferol,
This study quercitrin, pyrogallol,
prepared water luteolin-7-glucoside, rutin,
Cooking (Wat and ethanol isorhamnetin,
ooking (Water) extracts of kaempferon-3-O-rutinoside) 0.092d 0328 h 601.001 0
avocado (Folium
perseae) leaves. Phenolic acids (fumaric acid,
Both were caffeic acid, chlorogenic acid)
referenced. N .
For the ethanolic Flavonoids (herniarin,
extract: extracted kaempferol, quercitrin, [15]
for 1 h. The extract quercetin-3-O-arabinoside,
was filtered and quercetin, luteolin-7-glucoside,
eéagﬁfateg at ‘%0 luteolin-5-glucoside,
Maceration °C. The ethanolic kaempferon-3-O-rutinoside,
(Ethanol) residue of the ruIiin isorhamnetin) 0.218d 1.480 h 240.400 o
first extraction was 4
re-extracted under Phenolic acids (gallic acid,
Leaves similar agd stored fumaric acid, caffeic acid,
at —20 °C until ellagic acid, chlorogenic acid,
use. rosmarinic acid)
Flavonoids (epicatechin, rutin,
quercetin)
Phenolic acids (gallic acid,
Microwave- Thi protocatechuic acid, . 341 + 0.24
assisted extraction coml:l;:gclldt}xilo p-hydroxybenzoic acid, 9005.5-13459.0 ¢ Not reported ’ “*P
different chlorogenic acid, p-coumaric
extraction acid, rosmarinig acid, cinnamic 8]
methods; both acid)
were referenced. Flavonoids (epicatechin, rutin)
Ohmic Phenolic acids (protocatechuic
heag(r&g;ss:g?ed acid, p-hydroxybenzoic acid, 24,223.7-31,737.8 ¢ Not reported 296 +0.15p
1

chlorogenic acid, cinnamic
acid)

The presence of these phytochemicals in AP, ASs and ALs contributes to the different
high-value properties previously reported such as antioxidant, anti-inflammatory, antidia-
betic, antimicrobial, among others. Both phenolic acids and flavonoids have the capacity to
act as antioxidants and antimicrobials, allowing the extracts rich in these compounds to
be used as food and pharmaceutical additives. Gallic acid, which is a phenolic acid, has
been reported to exhibit antioxidant, antidiabetic, anti-inflammatory and antimicrobial
activities [64,65]. Another phenolic acid with antioxidant, anticancer, antidiabetic and anti-
inflammatory pharmaceutical properties is protocatechuic acid [66-68]. The p-Coumaric
acid is a polyphenol that also exhibits antioxidant and anti-inflammatory potential [69]. Caf-
feic acid is a potential natural antioxidant, as well as an anticancer and anti-inflammatory
agent also found in avocado byproducts [70-74]. Sinapic and Ferulic acid also exhibit antiox-
idant and anti-inflammatory activity [75-79]. Coumarin has shown antibacterial, anticancer,
antioxidant, anti-inflammatory, antiproliferative and anticholinergic activities [80-83]. Pro-
cyanidins exhibit anticancer, anti-inflammatory and antidiabetic activities [84,85]. Lastly,
condensed tannins (proanthocyanidins) that include catechin and epicatechin, have shown
antioxidant, anti-inflammatory, antidiabetic and anticancer activities [86,87]. Different
flavonoids, like catechin derivates and trans-5-O-caffeoyl-D-quinic acid, have shown poten-
tial anti-inflammatory activity, while other polyphenols like quercetin, epicatechin, rutin
and chlorogenic acid have been reported as potential antidiabetics, because of their capacity
to inhibit glucosidase enzymes [8,16]. Several studies have considered these characteristics
of AP, AS and AL extracts for several applications. In the food industry, for example,
Ferreira et al. studied the possibility of replacing synthetic preservatives in mayonnaise
with AP extracts. They observed no changes in the physical and chemical properties of
the mayonnaise and the samples with AP extracts showed a more effective inhibition than
the controls with ascorbic acid. These results show the potential of AP extracts to replace
synthetic antioxidants and antibacterial chemicals in food matrices [88]. Trujillo-Mayol
et al. studied the inhibitory effects of AP extracts in reducing oxidation of proteins and
lipids as well as the formation of harmful products in beef and soy-based burgers. The
results demonstrated a greater protective effect in beef burgers with AP extract compared
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to the controls. Moreover, the inhibition of heterocyclic aromatic amines and acrylamide
was also observed in both beef and soy burgers with AP extract [89]. Further studies by
Trujillo-Mayol et al. observed a reduction in the oxidation of protein and lipids during
gastric digestion in vitro. The authors concluded that the risk factors associated with H.
pylori infection were reduced by the inclusion of AP extract in the burgers [90]. Leon-
topoulos et al. studied the potential of pomegranate peel, AP and AS waste extracts as a
tool for the biocontrol of pathogenic fungi in plants. The in vitro results showed a 10.21%
reduction in the mycelium growth of Aspergillus niger compared to the control in medium
agar containing 100% AP [91]. In previous studies, the antioxidant activity and cancer
inhibition potential of AS extract were demonstrated with results showing a reduction in
the viability of human breast, lung, colon and prostate cancer cells in vitro [28].

5. Stabilization of Bioactive Compounds Extracts
5.1. Encapsulation Technologies

Encapsulation is a technology for coating solids, liquids, or gaseous materials into
miniature sealed capsules. The capsules can range from nano (10-1000 nm) and micro
(1-1000 pm) to millicapsules (larger than 1 mm) [92]. The use of microencapsulation tech-
nologies aids in the control and release of organoleptic properties as well as ingredients in
foods as well as other matrices [93]. Moreover, the composition and activity of bioactive
phenolic compounds are stabilized through microencapsulation [94]. There are various
techniques employed to create the bioactive-containing capsules. Among these, spray
drying is well-known for its simplicity; a solution containing the core and wall material is
fed, and then atomized into a mist inside a chamber, to which hot air is then applied to pro-
duce a powder. Moreover, scale-up is relatively easy and affordable [95]. Another widely
employed encapsulation technology for bioactive-rich extracts is freeze-drying. This is a de-
hydration process in which sensitive substances are not exposed to high temperatures [96].
The retention of volatile compounds will depend on the chemical nature of the system [97].
Phytochemicals from avocado seeds and peels have been previously microencapsulated
through spray-drying, lyophilization, and several chemical coacervation methods [17].

The encapsulation of avocado skin oil has been previously achieved through spray-
drying techniques using maltodextrin and Hi-Cap as coating materials, obtaining an
encapsulation efficiency in the range of 60 to 80%. In addition, the moisture content, bulk
density and mean diameter of the particles were measured, with results ranging from
1.10 to 1.34%, 0.35 to 037 g/cm? and 15.10 to 18.22 um, respectively [98]. Additionally,
Kautsar et al. achieved single-core, smooth microcapsules that maintained both antioxidant
and antimicrobial activity of the avocado by-product extracts over time through gum
Arabic spray-drying. The microcapsule's antioxidant activity only decreased by 2.36%
after 4 weeks of storage and maintained antimicrobial activity against E. coli and S. aureus
after 7 days, while the unencapsulated extract's antioxidant activity decreased by 7.53%
and lost the antimicrobial activity after seven days. The highest yield was found at a 5:10
ratio of extract:gum Arabic, at 49.78% [99]. In the case of freeze-drying, avocado seed
extract microcapsules were able to retain the bioactivity after 30 days of storage using
cassava and corn starch as wall materials. Cassava starch was found to be more efficient in
microencapsulating the extract, and in DPPH and hydroxyl free radical scavenging activity,
there was a significant decrease over time; nevertheless, TPC values significantly increased
over time. The microcapsules were shelf stable, with the moisture content increasing from
3.0 to 5.4% after 30 days of storage [18]. This demonstrates the potential development of
supplements and functional foods.

The stabilization of avocado seed and peel extract is of great importance to the food
industry where various products could benefit from the antioxidant properties of these
compounds. Moreover, the valorization of these agro-industrial residues represents a
significant advantage for the avocado oil industry as well as cosmetics and pharmaceutics.
For instance, avocado peel extract microcapsules prepared through complex coacervation
were effective at reducing oxidation in proteins and reducing the growth of microorganisms
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in ground beef when incorporated as a preservative. Two wall material matrices were
studied, alginate-collagen and pectin—collagen, both emulsified and non-emulsified. These
microcapsules showed great results on encapsulation yield, moisture and water activity:
58.72-73.60%, 2.46-6.30% and 0.210-0.342, respectively. Phenolic compounds, such as
chlorogenic acid and catechin, were present in the extract, and were not degraded by the
acidic pH required for the coacervation process [100].

Chitosan nanocapsules of avocado peel extract demonstrated greater efficacy against
human cancer cells in vitro in comparison to direct use of the peel extract. These results
are promising for the development of non-invasive lung cancer treatment [101]. Similarly,
avocado seed extract nanoparticles showed higher antioxidant capacity compared to control
and induced death in leukemia cells in vitro. The particles had an average size ranging from
166.9 to 305.2 nm, and a polydispersity index of 0.19 to 0.26. In addition, an entrapment
efficiency of up to 82% was accomplished. The nanoparticles exhibited a DPPH result of
2661.63 pumol TE/g sample, significantly higher than the control, and also showed that
the survival rates of different leukemia cell lines, when treated with the nanoparticles,
decreased to 8.15-63.9%. This again demonstrates the possibility of medicine applications
as well as food incorporation [102].

5.2. Emulsions

Emulsions are biphasic preparations of immiscible liquids with small-sized droplets
of one liquid solution of a drug dispersed in a continuous medium. This technology has
also been explored in avocado residues extracts. For instance, Procyanidin-rich extract
from avocado seeds was emulsified into nanoparticles and tested demonstrating stability in
various pH conditions, temperatures and salt concentrations for up to 90 days. Moreover,
the nanoparticles were efficient in preventing the migration of cancer cells in in vitro
assays [103]. On the other hand, phenolic extracts from avocado peel and seeds were
emulsified and their bioactivity tested, demonstrating a reduction in the formation of
secondary oxidation products as well as an overall retardation in oxidation [104]. In a
recent study, the stability of avocado seed extract emulsions was tested for up to 20 days of
storage and the antioxidant capacity was maintained even during oral-gastric digestion
in vitro. This increases the by-product value and potentially tackles environmental waste
problems [105].

6. Challenges and Future Perspectives

As industries try to find ways to become more environmentally friendly, the reutiliza-
tion of the waste generated from different processes is pivotal. Avocado waste extracts have
been widely studied, showing potential as natural food additives as well as interesting
pharmaceutical properties. To the extent of our knowledge, there are no studies or clinical
trials that describe the effects of bioactive compounds extracted from avocado byproducts
on human health, therefore emphasizing the need for more thorough research on the safety
of utilizing these extracts for human consumption. However, there have been some clinical
trials that evaluated the effects of phenolic compounds from other medicinal plants on
human health [106]. Zhao et al. carried out a phase I study of the topical application of
epigallocatechin-3-gallate (EGCG) in patients with breast cancer to treat radiation dermati-
tis. A total of 24 patients were enrolled, and no acute toxicity was related to the treatment,
and the reported symptoms of radiation dermatitis decreased after 2 weeks of treatment,
proving that the treatment was well tolerated and effective [107]. Zhao et al. also had
previously carried out a phase I study of the oral administration of EGCG in patients with
advanced stage III lung cancer and observed significant regression of seophagitis to grade
0/1 in most patients, concluding that the oral administration of EGCG is feasible, safe and
effective [108]. McLarty et al. studied the effects of tea polyphenols on prostate cancer.
Twenty-six men with positive prostate biopsies were given daily doses of polyphenon E,
which contained EGCG, epicatechin, epigallocatechin, epicatechin-3-gallate, and led to
a significant decrease in serum levels of PSA, HGF, and VEGF, supporting the potential
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role of polyphenon E in the treatment of prostate cancer [109]. Other polyphenols, such as
anthocyanins and resveratrol, have also exhibited antidiabetic properties by reducing blood
glucose and improving glycemic control, respectively [110]. There are still several breaches
in research that need to be further studied when it comes to the effects of polyphenols on
human health, such as the different factors that can affect the bioavailability and bioactivity
of polyphenols [111].

Few authors have studied the techno-economic feasibility of scaling up these extraction
technologies at an industrial level. Tesfaye et al. studied the techno-economic evaluation of
the extraction process of starch from avocado seeds, and concluded that it is an economically
feasible process, and estimated a rate of return of 75%, a break-even analysis of 82% and a
2-year payback period, demonstrating that these sustainable technologies can be profitable
at an industrial level [112]. Sousa et al. modeled and studied techno-economic feasibility
of a biorefinery based on avocado waste. Using Aspen Plus v12.1 software, the authors
modeled, simulated and optimized an avocado waste biorefinery, which could potentially
achieve a gross profit of 3.7 x 107USD/ year for capital costs of USD 30.7 x 10° operating in
optimal conditions. These results prove that it is possible for industries to take advantage
of these agro-industrial residues in a sustainable and profitable way [113]. Nevertheless,
there should be more focus on modeling and studying the economic feasibility of these
technologies at an industrial level, especially for food and pharmaceutical applications.
There are many limitations that can be associated with these technologies for utilizing these
agro-industrial residues, starting with the fact the waste requires delicate handling to ensure
its quality, which can be a challenge for small-scale producers. In addition, waste can vary
in composition and quantity, making it difficult for industries to standardize procedures,
and the regulations around the utilization of avocado waste to produce functional products
are still not clear and are continuously evolving. Another obstacle is that the utilization of
these byproducts can elevate the energy consumption and waste stream, causing a negative
environmental impact [35,114].

On the other hand, for the effective application of avocado extracts in pharmaceuticals,
food, and cosmetic products, the stabilization and delivery must be studied and tested.
The most complex aspect of microencapsulation is choosing the wall material, which will
directly influence the performance of the capsules. The coating material must be bio-
degradable, resistant to the intestinal tract, provide protection of the bioactive molecules
against extreme conditions, non-reactive, tasteless and cost-effective to be suitable for
use in the food industry [115]. The added stabilization protocol of the extract involves
extra investments that must be carefully considered. The economic analysis of a particular
microencapsulation process should reflect on the encapsulation or stabilization technology
chosen, the coating material chosen, and the complexity of the procedure [116]. For example,
a food-safe gelatin coacervation process requires the drying of the wet capsules for easy
handling. Considering a weight of 550 kg of core material to be processed, the cost of raw
wall materials, including processing aids, is approximately USD 2391.00, and labor cost,
including processing, formulation and sieving and drying cost, is USD 3330.00, amounting
to a total cost of USD 5721.00. This would place the cost per kg of processed core and the
cost per liter of processed product at 10.40 and 9.27 USD, respectively [116] (Versi¢, 2014).
Although the implementation of these technologies presents an added cost, the technique
has widespread effects across the health, food and beauty industry, with a market value of
nearly USD 12.15 billion in 2023, and an expected growth of USD 36.34 billion by 2032 [117].
As for regulations, the U. S. Food and Drug Administration in their Code of Federal
Regulations, Title 21, Part 172, Sec. 172.230 outlines the safe use of microcapsules in food,
specifying the allowed components, usage restrictions and labeling requirements [118].

Another residue that should be further studied is the large volumes of wastewater
generated with the production of avocado oil. Permal et al. produced powder rich in
phenolic compounds and antioxidants from avocado wastewater through spray drying
methods [119]. The results demonstrated the possible applications of the powder in the
food industry as they were effective in preventing lipid oxidation in pork sausages. Another
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niche to be exploited is avocado leaves. ALs have higher contents of total phenols and
flavonoids, as well as a higher radical scavenging ability than peel, seed, and pulp [120].

7. Conclusions

As industries steer towards more environmentally friendly practices, the recycling
of the waste generated from different processes is vital. Both avocado seed and peel
extracts have been proven to function as natural food additives and preservatives in the
hopes of replacing synthetic ones currently used, therefore making the food industry
more sustainable. Nevertheless, there is not much knowledge of the metabolic paths and
molecular mechanisms in humans. Bioplastic films derived from avocado seed and peel
have also demonstrated the potential to replace traditional food packaging; nevertheless,
further studies must be carried out to gather information on their stability and applicability
in various industries. The innumerable pharmaceutical applications of these residues as
antihypertensive, anti-inflammatory, anti-diabetic, anti-convulsant, and anti-cancer, among
many others, along with the growing numbers of potential food applications, highlight the
need for more thorough research on safety and the possible effects of human consumption.
Future research should focus on the uncovered potential of avocado leaves as a functional
food and pharmaceutical ingredient.
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